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Preface 


Biochemistry is the organic chemistry of compounds and processes occurring in 
organisms. Histocytochemistry is the study of intracellular distribution of chemical, reaction 
sites, enzymes, etc. by means of staining reactions, radioactive isotope uptake, selective metal 
distribution in electron microscopy, or other methods. This book focuses on the role of 
norepinephrine in neuroinflammation, discusses the contribution of norepinephrine to 
Alzheimer's (AD) and Parkinson's Disease (PD) and provides an overview of potential 
therapeutical options targeting this neurotransmitter. Using methodologies such as 
questionnaires and laboratory tasks, experimental results showing specific effects related to 
noradrenaline in both clinical and experimental studies are described. This book also provides 
the current findings on the relationships between sympathetic nerve activity, B-adrenoceptor 
polymorphisms, and renal function. Recent methodologies that are useful for advanced 
immunohistochemistry (IHC) analysis in pathological research into therapeutic agents is also 
analyzed. Other chapters in this book discuss the unresolved areas of plasma cell research, an 
analysis of a new technology based on B-Cell targeting and its advantages over conventional 
methods for selective generation of novel monoclonal antibodies, as well as a review of the 
regulation of proteases and their role during the biocontrol process. Recent advances in the 
isolation and characterization of glycosidases from hyperthermophilic microorganisms and 
the methods used for their application in oligosaccharide synthesis are explored as well. 

Chapter 1 - Neuroinflammation emerges as a driving force in chronic neurodegenerative 
processes like Alzheimer’s (AD) or Parkinson’s disease (PD). Neuroinflammatory mediators 
such as cytokines, reactive oxygen species and molecules of the arachidonic acid pathway are 
generated and released by microglia, astrocytes and neurons upon stimulation and activation. 
In general, enhanced release of these substances has been considered to be detrimental. 

Different neurotransmitters participate in the regulation of the production of these 
inflammatory mediators. The adrenergic system seems to play an important role in 
neuroinflammation and neurodegeneration. For example, norepinephrine has been considered 
to be immunosuppressive and adrenergic agonists attenuate the release of potentially toxic 
molecules. In AD and PD, degeneration of the locus coeruleus, an assembly of aminergic 
nuclei and major source for norepinephrine, is part of the disease process. In both diseases, a 
reduction in norepinephrine levels accelerates disease progression and pathology as well as 
worsening of clinical symptoms. Therefore, an increase in the content of norepinephrine may 
therefore be beneficial in reducing inflammatory damage in the brain. 
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This review focuses on the role of norepinephrine in neuroinflammation, discusses the 
contribution of norepinephrine to AD and PD and provides an overview of potential 
therapeutical options targeting this neurotransmitter. 

Chapter 2 - The aim of this chapter is to examine the role of noradrenaline in 
interpersonal functioning. Healthy interpersonal functioning is important for the development 
of relationships in both work and personal situations. Many psychiatric disorders including 
depression are associated with poor interpersonal functioning and less social activity but 
improvement in interpersonal functioning can be independent of symptom resolution. 
Noradrenaline may be involved in the adaptive function of human social behaviours. 

Concepts relevant to interpersonal behaviours leading to interpersonal rejection and the 
relationship between social skills and depression will be briefly reviewed. Then the 
methodology involved in this type of research will be described. This will involve both 
techniques developed to measure interpersonal functioning, from questionnaires to laboratory 
tasks, and psychotropic drugs which have been used to study noradrenergic function. 

Using these methodologies, experimental results showing specific effects related to 
noradrenaline in both clinical and experimental studies will be described. Reboxetine has 
been shown to be associated with increased cooperative behaviour and other socially adaptive 
behaviours. 

It is concluded that noradrenaline modulates cooperation and other socially adaptive 
behaviours and this action may promote friendship formation and facilitate social support. 

Chapter 3 - There are number of lines of evidence that the neurotransmitter 
norepinephrine (NE) might be very important in pathophysiology of anxiety and mood 
disorders. Firstly, NE projections innervate the limbic system, suggesting the involvement of 
NE in the regulation of emotions and cognition. Secondly, NE interacts with serotonin (5-HT) 
and dopamine (DA) systems, which also play very important roles in the regulation of mood. 
Thirdly, it has been shown that various agents for increasing NE availability, such as NE 
reuptake inhibitors, are also effective antidepressant drugs. And fourthly, the depletion of NE 
can result in the relapse of depression after successful treatment with antidepressant drugs. 
All these pieces of evidence suggest that the stimulation of NE transmission can be beneficial 
in the treatment of affective disorders. However, different psychiatric medications have 
distant effects on NE transmission. The current chapter analyses the effect of psychiatric 
medications on NE system and proposes how the treatment outcome might be improved. 

Chapter 4 - Renal injury, chronic renal disease and end-stage renal disease are often 
associated with obesity, hypertension, and diabetes mellitus. Heightened sympathetic nerve 
activity is observed in patients with renal injury, renovascular hypertension, chronic renal 
disease and end-stage renal disease (ESRD). Further, heightened sympathetic nerve activity 
as observed in plasma norepinephrine concentrations predicts survival and the incidence of 
cardiovascular events in patients with end-stage renal disease, and future renal injury in 
normotensive healthy subjects with a normal range of renal function. Hypertension, obesity 
and diabetes are currently among the World Health Organization’s top 10 global health risks. 
Hypertension and diabetes mellitus, which occur often with obesity, together account for 
approximately 70% of end-stage renal diseases in the United States and Japan. Obesity also 
leads to increases in the incidence of cardiovascular diseases including renal injury. Many 
clinical and epidemiological studies have also documented that heightened sympathetic nerve 
activity plays an important role in obesity and hypertension. Thus, one could speculate that 
heightened sympathetic nerve activity might be an important mechanism of the onset and 
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maintenance of renal injury, and that obesity and hypertension might emphasize the 
relationship between heightened sympathetic nerve activity and renal injury. 

Human obesity and hypertension have strong genetic as well as environmental 
determinants. Several observations show associations of P2- and p3-adrenoceptor 
polymorphisms with hypertension and obesity, although these findings have not been 
confirmed. In addition, relationships between adrenoceptor polymorphisms, plasma 
norepinephrine levels, and renal function have not been fully studied. Understanding the 
contribution of plasma norepinephrine and P-adrenoceptor polymorphisms with the onset and 
maintenance of renal injury might aid in the prevention of renal injury, chronic renal disease 
and end-stage renal disease in obesity and hypertension. It may theoretically help rational, 
pharmacological treatments for renal injury in obesity and hypertension. 

The purpose of this review is to provide the current findings on the relationships between 
sympathetic nerve activity, p-adrenoceptor polymorphisms and renal function. Also, to 
further understand the precise roles of sympathetic nerve activity in renal injury in the context 
of obesity and hypertension, which may lead to the prevention and treatment of renal injury in 
these patients. 

Chapter 5 - As immunohistochemistry enters its fourth decade as a diagnostic tool this 
analytical procedure continues to experience poor reproducibility, albeit in specific situations. 
The problem becomes more important with the mounting pressure to employ the assay in a 
quantitative manner for the assessment of therapeutic and prognostic markers in a number of 
neoplasms. Qualitative applications of immunohistochemistry are well established and 
continue to increase with the range of sensitive antibodies and detection systems available, 
however, numerous variables that influence the immunoexpression of proteins in formalin- 
fixed tissue continue to exist in the pre-analytical and analytical phases of the test procedure. 
Many pre-analytical variables are currently beyond the control of the laboratory. Tissue 
fixation is critical but the exposure to fixative prior to accessioning by the laboratory is not 
controlled. Antigen retrieval, another pivotal procedure in immunohistology, continues to be 
employed in an empirical manner with the actual mechanism of action remaining elusive. 
There is great variation in reagents, method, and duration of tissue processing and 
immunostaining procedure, and detection system employed is not standardized between 
laboratories. While many of these variables are offset by the application of antigen retrieval, 
which enables the detection of a wide variety of antigens in fixed tissue, the method itself is 
not standardized. This myriad of variables makes it inappropriate to provide meaningful 
comparisons of results obtained in different laboratories and even in the same laboratory as in 
current practice each specimen experiences different pre-analytical variables. Importantly, it 
calls into question the use of immunohistochemistry as a quantitative assay. Furthermore, 
variables in interpretation exist and cutoff thresholds for positivity differ. Failure to recognize 
false positive and false-negative stains leads to further errors of quatitative measurement. 
Many of the problems relating to the technology and interpretation of immunostaining 
originate from failure to recognize that this procedure is different from other histological 
stains and involves many more steps that cannot be monitored until the end result is attained. 
While several remedial measures can be suggested to address some of these problems, 
accurate and reproducible quantitative assessment of immunostains presently remains elusive 
as important variables that impact on antigen preservation in the paraffin-embedded biopsy 
cannot be standardized. 
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Chapter 6 - It is important to establish the biological basis of immunohistochemical 
characteristics of mandibular bone and cartilage, as well as periodontal tissue reaction to 
mechanical stress for orthodontic treatment. 

The mandible is composed of mandibular bone and cartilage. This cartilage is classified 
as secondary, together with condylar, coronoid and angular cartilages. The mandibular bone 
formation pattern attracts many researchers because it suggests large possibilities for 
orthodontic treatment. Mandibular condylar cartilage has bone characteristics which are more 
significant than cartilaginous characteristics. In general, Runx2 is a transcription factor 
necessary for osteoblast differentiation and bone formation. Therefore, we focused on Runx2 
and investigated the distribution of Runx2 in developing mouse mandibular condylar 
cartilage, with Jagged-Notch signaling, using immunohistochemistry (IHC) and in situ 
hybridization (ISH) techniques. These IHC and ISH results suggest that Runx2 plays an 
essential role for mandibular condylar cartilage development, especially that Runx2 is 
essential for the onset of secondary cartilage differentiation. 

In addition, to establish an immunohistochemical basis for orthodontic treatment, we 
examined early changes of Runx2 and Msx2 immunohistochemical expressions by 
immunohistochemistry in mouse periodontal ligament exposed to mechanical stress. At 20 
minutes, 1 hour, 3 hours, 9 hours and 24 hours, relevant parts of the mouse tissues were 
histopathologically evaluated, and they were examined for Runx2, Msx2 and alkaline 
phosphatase (ALP) expressions. Strong expressions of Runx2 and Msx2 were seen in 
periodontal fibroblasts of the tension side at 20 minutes after mechanical stress. Expressions 
of Runx2 and Msx2 became stronger in parallel with time, and at 24 hours after mechanical 
stress, the periodontal fibroblasts, cementoblasts, and osteoblasts showed strong expression. 
Moreover, ALP has also demonstrated similar strong expression. All these results strongly 
suggested that Runx2 promoted differentiation of osteoblasts at an early stage and Msx2 
worked as an activator of Runx2 function. Furthermore, because Heat Shock Proteins (HSPs) 
serve as molecular chaperones to maintain homeostasis in tissues, we examined the 
immunohistochemical profile change of one such protein, HSP70, in periodontal ligament 
cells after receiving mechanical stress during orthodontic treatment in the course of up to 24 
hours. We thought that the mechanical stress for orthodontic treatment might cause dynamic 
histological change occurred within a short time and might also cause expression of HSP70 in 
periodontal ligament tissue. 

Chapter 7 - With the development of highly specific antibodies and improvements in 
detection systems, immunohistochemistry has become a common analytical technique, and 
detection techniques such as the avidin/biotin- and polymer-based methods are widely used in 
pathological research and diagnosis. Meanwhile, the development of molecular-targeted 
agents that make attacks against proteins and their sites via kinase activity has led to 
increasing demand for a next generation IHC approach. Here, we outline recent 
methodologies that are useful for advanced IHC analysis in pathological research into 
therapeutic agents. 

Chapter 8 - Processing biological specimens for light microscopy (LM) and electron 
microscopy (EM) requires a critical amount of samples. We report a pre-embedding 
technique for processing scarce biological specimens for LM and EM. The technique is based 
on immobilizing the samples in bovine serum albumin (BSA) and bis-acrylamide 
(BA), cross-linked and polymerized. The preparation is compatible with a broad range of 
histological and electron microscopy protocols and procedures. It presents several advantages 
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over other pre-embedding techniques; it is rapid, simple, and permits efficient and 
reproducible analysis of scarce biological specimens by LM and EM. The technique may be 
particularly useful for processing specimens, like biopsies, cystic and amniotic-fluid cells. 

Chapter 9 - Autoimmune diseases, such as rheumatoid arthritis (RA) and systemic lupus 
erythematosus (SLE) are facilitated by B cells that have lost self-tolerance. B cells contribute 
to autoimmune diseases by production of autoantibodies, by presenting autoantigens or by 
secreting proinflammatory cytokines. For that reason, it is important to understand the origin 
of autoreactive B cells and their role in the pathogenesis of autoimmune disease. Many 
autoreactive B cell receptors (BCR) are normally generated during B cell development, but in 
healthy individuals most of the B cells carrying an autoreactive BCR are silenced by deletion, 
receptor editing, inclusion or anergy. Interestingly, in humans a unique self-reactive 
VpreB + LC + B cell subset was identified, which comprises 0.5-1% of circulating B cells and 
co-expresses conventional immunoglobulin light chain (Ig LC) and the non-rearranging 
surrogate light chain (SLC), which was previously thought to be exclusively expressed during 
early B cell development. These VpreB + LC + B cells are present in healthy individuals and 
accumulate in the joints of some patients with RA. They manifest an unusual Ig heavy chain 
(HC) and LC repertoire, which displays evidence for receptor editing and is associated with 
autoimmunity. To elucidate the role of these autoreactive VpreB + LC + B cells in the 
development of autoimmunity, we have recently generated a novel SLC-transgenic mouse 
model in which all B cells coexpress SLC components. Here we review the characteristics of 
the unique subset of VpreB + LC + B cells identified in human and discuss our findings in the 
SLC-transgenic mouse model in the context of the involvement of VpreB + LC + B cells in the 
etiology of autoimmune disease. 

Chapter 10 - The most widely used organisms are fungi, and several enzymes and 
organic acids are synthesized by species of Aspergillus. Over than the past 1,000 years the use 
of hydrolytic enzymes from fungi has become more prevalent in Japanese fermentation 
industries. The molds Aspergillus oryzae , A. sojae , A. awamori , and A. saitoi are of great 
practical importance in the fermentation industries, enzyme technologies, food industries, and 
civilization in Japan. In the eastern world rice is used instead of malt or mashed grapes for 
fermentation. Here a mold, usually A. oryzae , initiates the fermentation process by 
hydrolyzing rice starch to fermentable sugars. Later on the sugar is converted to change by 
spontaneous fermentation by either yeast or bacteria leading to products such as 'Sake’, 
Japanese rice wine. Other examples of the traditional use of fungi in food production are in 
the making of soy sauce and miso paste. In the fermented vegetable protein, soy sauce, the 
cooked soybeans are mixed with equal amounts of roasted wheat and then inoculated with a 
pure cultured 'Koji’ starter or 'seed mold’. 

Another important field for the early industrial application of fungi was the production of 
enzymes, and enzymes are now being used in a wide variety of processes. The invention and 
production of 'Takadiastase’ for A. oryzae by Takamine J. in 1894 became an enzyme 
industry from the late nineteen century. After Takadiastase was discovered it was produced in 
appreciable amounts during the Second World War, initially with A. oryzae , A. sojae , A. 
awamori , and A. niger. Aspergillus saitoi , which is a food microorganism, a black Aspergillus 
used in 'Shochu’, a traditional Japanese spirit, was described taxonomically by Sakaguchi et 
al.. An acid stable proteolytic enzyme 'Molsin’ from A saitoi produced on an industrial scale 
by us used in the preparation of a human digestant (Fujisawa Pharmaceutical Co., Osaka). 
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The genome of Aspergillus oryzae has been sequenced in 2005. The ability to secrete 
large amounts of proteins and the development of a transformation system have facilitated the 
use of A. oryzae in modem biotechnology. In 2006, the Brewing Society of Japan gave its 
seal of approval to the decision: ' Aspergillus oryzae and related food Aspergilli are the 
national microorganisms of Japan’. 

In this chapter, catalytic and molecular properties of unique and characteristic enzymes 
obtained from Aspergillus fungi used in Japanese bioindustries are described. 

Chapter 11 - During the infection of entomopathogenic fungi, extracellular hydrolytic 
enzymes are important for the degradation of the insect cuticle, facilitating penetration and 
providing nutrients for further growth. A common feature between different insect pathogenic 
fungi is the involvement of extracellular proteolytic enzymes in these processes. 

Regarding proteases, the most extensively studied entomopathogenic fungal genera are 
Metarhizium and Beauveria. The majority of the protease enzymes described from these 
genera belong to the family of serine proteases, however, the expression of metalloproteases 
and aminopeptidases under biocontrol-related conditions was also demonstrated. Detailed 
knowledge on protease genes and enzymes involved in fungal biological control will assist 
further strain improvement enabling the overexpression of genes encoding effective 
proteases. 

The aim of this chapter is to summarize the information available about the extracellular 
proteases of entomopathogenic fungi, focusing on Metarhizium and Beauveria species. A 
large number of protease enzymes have been purified, cloned and characterized from these 
beneficial organisms. These results will be reviewed and data about the regulation of 
proteases as well as their role during the biocontrol process will be discussed. 

Chapter 12 - Hyperthermophilic microorganisms thrives at temperatures higher than 
80°C and proteins and enzymes extracted from these sources are optimally stable and active 
in the presence of temperatures close to the boiling point of water and of other denaturants, 
i.e. chaotropic agents, pH, organic solvents, detergents, etc. Therefore, hyperstable enzymes 
are considered attractive alternatives in biocatalysis and in chemo-enzymatic synthesis. In 
addition, the molecular bases of the extreme stability to heat and to the ability to work 
optimally at high temperatures are not completely understood and intrigued biochemists, 
enzymologists, and biophysics in the last twenty years. In particular, hyperstable 
glycosidases, enzymes catalysing the hydrolysis of O- and A-glycosidic bonds, have been 
studied in detail as they are simple model systems promoting single-substrate reactions, and, 
more importantly, can be exploited for the enzymatic synthesis of oligosaccharides. The 
importance of these molecules increased enormously in recent years for their potential 
application in biomedicine. Hyperstable glycosidases, working in transglycosylation mode, 
can be excellent alternatives to the classical chemical methods helping in the control of regio- 
and stereoselectivity as conventional enzymes, but also resisting to the organics used in 
chemical synthesis. We will review here recent advances in the isolation and characterization 
of glycosidases from hyperthermophilic microorganisms and the methods used for their 
application in oligosaccharide synthesis. 

Chapter 13 - L-Asparaginase (E.C.3.5.1.1, L-ASNase) catalyzes the hydrolysis of L-Asn, 
producing L-Asp and ammonia. This enzyme is an anti-neoplastic agent; it is used extensively 
in the chemotherapy of acute lymphoblastic leukemia (ALL). L-asparaginase from Erwinia 
carotovora (LbaL-ASNase) was cloned and expressed in E. coli. The enzyme was purified to 
homogeneity by a two-step procedure comprising cation-exchange chromatography and 



affinity chromatography on immobilized L-asparagine. The purified enzyme was subjected to 
thermal inactivation studies. Thermodynamic parameters (E a , AH^ and AS^) for the thermal 
inactivation process of the enzyme were determined. It was concluded that the low thermal 
stability of the enzyme is of entropic origin and is most likely due to structural determinants 
that cause a higher degree of local disorders at specific locations. 
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Chapter 1 


Function of Norepinephrine in 
Neuroinflammation and Chronic 
Neurodegenerative Diseases 


Johannes C.M. Schlachetzki, Antonio C. Pinheiro de Oliveira , 

and Bernd L. Fiebich 

Department of Psychiatry and Psychotherapy 
University of Freiburg Medical School 1 ,Germany 


Abstract 

Neuroinflammation emerges as a driving force in chronic neurodegenerative 
processes like Alzheimer’s (AD) or Parkinson’s disease (PD). Neuroinflammatory 
mediators such as cytokines, reactive oxygen species and molecules of the arachidonic 
acid pathway are generated and released by microglia, astrocytes and neurons upon 
stimulation and activation. In general, enhanced release of these substances has been 
considered to be detrimental. 

Different neurotransmitters participate in the regulation of the production of these 
inflammatory mediators. The adrenergic system seems to play an important role in 
neuroinflammation and neurodegeneration. For example, norepinephrine has been 
considered to be immunosuppressive and adrenergic agonists attenuate the release of 
potentially toxic molecules. In AD and PD, degeneration of the locus coemleus, an 
assembly of aminergic nuclei and major source for norepinephrine, is part of the disease 
process. In both diseases, a reduction in norepinephrine levels accelerates disease 
progression and pathology as well as worsening of clinical symptoms. Therefore, an 
increase in the content of norepinephrine may therefore be beneficial in reducing 
inflammatory damage in the brain. 

This review focuses on the role of norepinephrine in neuroinflammation, discusses 
the contribution of norepinephrine to AD and PD and provides an overview of potential 
therapeutical options targeting this neurotransmitter. 


1 Address: Hauptstr. 5 79104 Freiburg i. Br. Germany. 
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1. Introduction 

The brain and the immune system are accepted as the two major body’s adaptive systems 
(Elenkov et ah, 2000). The brain can modulate immune functions and the immune system 
also sends messages to the brain. The communication between these two systems is done 
mainly by the hypothalamic-pituitary-adrenal axis and the autonomic nervous system (ANS). 
The sympathetic nervous system (SNS), which is part of the ANS, innervates the lymphoid 
organs (Elenkov et al., 2000) (Flierl et al., 2007). Catecholamines, like dopamine, serotonin, 
epinephrine and norepinephrine, are the end products of the SNS. 

Norepinephrine (NE) is a classical neurotransmitter of the central nervous system (CNS). 
NE is a catecholamine belonging to the group of biogenic amines. Like other biogenic 
amines, NE is produced in distinct neuronal populations within the CNS, from which axons 
project widely throughout the CNS. Therefore, alterations in NE levels and/or adrenergic 
receptor levels lead to ample changes in brain homeostasis. Classically, the NE system has 
been studied for its involvement in human behaviour and psychiatric diseases. Recent studies 
have even further widened possible functions of NE. NE has gained widespread attention 
because it seems to modulate neuroinflammation and thereby contributes to disease 
pathogenesis. The scope of this review is to give insights into in vitro and in vivo findings 
contributing to the role NE in the CNS. 


2. The Locus Coeruleus 

NE is mainly synthesized in the neurons of the locus coeruleus (LC), but also in the 
lateral tegmental field. In this review, we focus on the LC because of its implication in 
neurodegenerative diseases and cognition (Friedman et al., 1999). 

Neurons of the LC constitute the largest and most important aggregation of NE cells 
within the brain. LC is latin for “blue place” and was named so because of its high neuronal 
content of melanin, formed by polymerization of norepinephrine. The LC is located below the 
floor of the fourth ventricle in the rostrolateral part of the pons (Figure 1). Neurons of the LC 
project through the medial forebrain bundle to the cerebral cortex including the frontal and 
entorhinal cortices, the limbic system (amygdala, hippiocampus, cingulate gyrus, fornix, 
hypothalamus, and thalamus) and to the cerebellum, brain stem, and spinal cord. The LC also 
receives input from the above mentioned brain areas (Nieuwenhuys, 1984). Thus, the NE 
system has a widespread effect on various brain regions and thereby on cognition and 
behaviour. 

The number of neurons within in the LC range from 45 000 to 60 000 cells in normal 
young adult human brains and this number declines up to 50% in the normal aging human 
brain (Mann et al., 1983). NE levels also seems to be reduced in the aging population 
compared to younger subjects (Yates et al., 1983). 
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Figure 1. Courtesy of Dr. Lars Frings. 


3. Classical Functions of Norepinephrine in the CNS 

NE is derived from the essential amino acid L-tyrosine. The tyrosine hydroxylase 
converts L-tyrosine into L-dihydroxyphenylacetic (L-DOPA), which is then transformed into 
dopamine by dopa-decarboxylase. The P-hydroxylase converts dopamine into NE. NE is then 
released into synaptic cleft and exerts its effects via binding adrenergic receptors, which can 
be divided into a- and p-adrenergic receptors, as discussed later. A role has been described for 
NE in cognition, emotions, and behaviour (Figure 2). The classical psychiatric disease, in 
which modulation of NE has been postulated to be of pivotal role, is the major depressive 
disorder (MDD). The monoamine deficiency hypothesis holds a deficiency in serotonin and 
NE levels accountable for the pathogenesis of MDD. This is supported by the usage of 
tricyclic antidepressant drugs or monoamine oxidase inhibitors, which are highly effective in 
alleviating symptoms of depression (Belmaker and Agam, 2008). 

However, there is a strong interplay between the different neurotransmitter systems in the 
CNS. E.g., NE not only mediates other neurotransmitter system, but also gets modified by 
others. NE interacts with acetylcholine, serotonin, and dopamine (Beani et al., 1978) (Vizi 
and Pasztor, 1981) (Bianchi et al., 1979) (Murphy et al., 1998) (Gresch et al., 1995). In 
addition, NE modulates neurotrophic factors like corticotropin-releasing hormone (Melia and 
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Duman, 1991). Changes in these neurotransmitter and neurotrophic factor systems may lead 
to changes in behaviour in normal controls. 


Norepinephrine and Behaviour 


•Arousal 

•Agitation 

•Aggression 

•Anxiety 

•Sleep-wake-cycle 

•Vigilance 

•Emotion 

•Sympathetic nervous system 
• Blood pressure 
■ Pulse rate 


Norepinephrine and Diseases 


■Depression 

■Schizophrenia 

■Posttraumatic Stress Disorder 
■Attention Deficit Hyperactivity Disorder 
•Alzheimer's Disease 
■Parkinson's Disease 
•Multiple Sclerosis 


Figure 2. 


4. Adrenoceptors 

There are two principal groups of receptors for epinephrine and NE, so-called 
adrenoreceptors, which are divided into a- and P-adrenoreceptors. a-adrenoreceptors are 
subdivided into ai and a 2 , whereas the p-adrenoreceptors into pi, p 2 and p 3 . All the 
adrenoreceptors are coupled to different G protein subtypes. More specifically, ai- 
adrenoreceptors is coupled to G q , a 2 -adrenoreceptors to Gi, and all the p-adrenoreceptors to 
G s . Briefly, activation of G s and Gi stimulates and reduces the production of cAMP, 
respectively. cAMP functions as a second messenger that can activate the protein kinase A 
(PKA), which in turn, can transfer the signals to the nucleus. 

Stimulation of the a i-adrenoreceptors results in the activation of the G q /n protein, which 
subsequently activates phospholipase Cp (PLCp) and leads to cleavage of 
phosphatidylinositol-4,5-bisphosphate into inositol-1,4,5-trisphosphate (IP 3 ) and 
diacylglycerol (DAG). IP3 induces the release of Ca 2+ form intracellular stores and DAG 
functions as a second messenger to activate protein kinase C (PKC) (Hein and Michel, 2007). 
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On the other hand, a 2 -adrenoreceptors mostly mediate their intracellular signalling 
through Gi. In this case, the signalling through the G a and Gp y subunits may be important. 
Activation of the G a i leads to the inhibition of adenylyl cyclase (AC) with a reduction in 
cAMP levels, whereas activation of Gp y leads to inhibition of Ca channels and activation of 
K + channels and mitogen-activated protein kinases MAPK (Hein et al., 2006). 

Stimulation of p-ARs leads to activation of G s protein, resulting in a subsequent increase 
in cAMP. This increase in cAMP induces stimulation of PKA and phosphorylation of the 
transcription factor cAMP responsive element binding protein (CREB). After this 
phosphorylation, CREB binds to the cAMP-responsive element in the promoter of many 
genes (Tan et al., 2007). 

Epinephrine and NE have different affinities to the ARs. NE binds to all receptors, 
although the affinity for p 2 is weaker. 


5. Role of NE and Adrenergic Agonists in Peripheral 
Immune Cells Functions 

The immune system is a network of different tools that protects the organism against 
diseases. The cells of these system are the white blood cells that are produced in the bone 
marrow that function as the defensive cells of the organisms. There are different immune cells 
that are involved in the innate or adaptive immunity. 

Many studies have been showing some roles for NE and adrenoreceptors agonists and 
antagonists in the modulation of immune functions. Catecholamines have been identified in 
different immune cells, like macrophages (Spengler et al., 1994) (Brown et al., 2003) (Flierl 
et al., 2007), peripheral human (Musso et al., 1996) and cerebrospinalfluid (CSF) 
lymphocytes (Bergquist et al., 1994), mouse lymphocytes (Josefsson et al., 1996), human 
peripheral blood mononuclear cells (PBMCs) (Marino et al., 1999) including neutrophils 
(Cosentino et al., 1999), T and B lymphocytes, monocytes and granulocytes (Cosentino et al., 
2000), and murine bone marrow derived mast cells (Freeman et al., 2001). Moreover, these 
cells also express adrenergic receptors. 

NE, at concentrations that preferentially stimulate a 2 -adrenoreceptors, has been shown to 
decrease the capacity of interferon (IFN)y to activate macrophages to a tumoricidal state 
(Koff and Dunegan, 1985). NE increases chemotaxis and phagocytosis by macrophages 
(Javierre et al., 1975) (Garcia et al., 2003). However, these two processes seem to depend on 
different receptors. To date, low doses of NE, which preferentially binds to a- 
adrenoreceptors, induce chemotaxis. This is confirmed by the fact that phentolamine, an a 
antagonist, but not propranolol, a p antagonist, blocks the chemotaxis of macrophages. On the 
other hand, both drugs inhibited the phagocytosis induced by NE, suggesting a participation 
of a and P-adrenoreceptors in this process (Garcia et al., 2003). 

Almost two decades ago, Spengler and colleagues (Spengler et al., 1990) (Spengler et al., 
1994) demonstrated that activation of a 2 -adrenoreceptors by NE and UK-14304, a synthetic 
agonist, can increase the production of tumor necrosis factor (TNF) induced by 
lipopolysaccharide (LPS) in murine macrophages. In addition, this augmentation in LPS- 
induced TNF was reduced by yohimbine, an a 2 -adrenoreceptors antagonist (Spengler et al., 
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1990). On the contrary, activation of p-adrenoreceptors decreased the TNF production 
induced by LPS (Spengler et ah, 1994). Interestingly, co-stimulation of macrophages with 
LPS and the a 2 or p-adrenoreceptors antagonists in the absence of adrenergic agonists, 
induced the opposite effects observed after stimulation with the agonists (Spengler et al., 
1994), supporting the idea of an endogenous role for NE in macrophages. 

Blockade of a 2 , pi and p 2 -adrenoreceptors on LPS-stimulated alveolar macrophages 
reduces the release of interleukin (IL)-lp, IL-6 and cytokine-induced neutrophil 
chemoattractant-1. In this same condition, TNFa release is also strongly reduced by a 2 and 
p 2 -adrenoreceptors antagonists. However, the blockade of a 2 -adrenoreceptors reached the 
most consistent suppression of the investigated cytokines (Flierl et al., 2007). 

Salmeterol, NE and isoproterenol reduce the secretion of TNFa in LPS-stimulated THP-1 
cells, a human monocytic cell line (Severn et al., 1992) (Sekut et al., 1995). The reduction 
induced by salmeterol can be blocked by oxprenolol, suggesting that this effect might be 
mediated through p 2 -adrenoreceptors. More important, previous oral administration of 
salmeterol to LPS-injected mice reduces the TNFa in serum and this effect was reversed by 
propranolol (Sekut et al., 1995). In human whole blood, NE and isoproterenol reduce TNFa 
and IL-6 expression induced by LPS, an effect that is blocked by metropolol, a pi antagonist, 
but not by phentolamine, an a antagonist (van der Poll et al., 1994). In accordance to this, 
stimulation of a-adrenoreceptors with phenilephrine also had no effect on cytokine 
production induced by LPS in human whole blood (van der Poll et al., 1994). In addition to 
these effects on TNF and IL-6 production, NE also inhibits the IL-1 production induced by 
LPS and IFN in mouse peritoneal macrophages (Koff and Dunegan, 1985). 

Recently, Flierl and colleagues presented important evidences that macrophages and 
polymorphonuclear cells possess the complete intracellular machinery for the synthesis, 
release and inactivation of catecholamines (Flierl et al., 2007). By using two models of 
inflammatory acute lung injury, the authors demonstrated that an increased or decreased 
production of catecholamine augments or decreases the intensity of the inflammatory injury, 
respectively. More specifically, in vivo blockade of a 2 -adrenoreceptors strongly reduces the 
intensity of the inflammatory injury, measured by the severity of lung damage. These and 
other evidences allowed the authors and also others to consider the phagocytic system as a 
diffusely expressed adrenergic organ (Flierl et al., 2007). 

Activation of p-ARs by isoproterenol enhances the expression of COX-2 and iNOS in a 
human urothelial cell line (Harmon et al., 2005). Since activation of p-adrenoreceptors leads 
to an increase in cAMP and a subsequent PKA activation, the authors investigated whether 
the increase in these inflammatory markers was due to activation of this pathway. However, 
this increase is independent of PKA, since PKA inhibitors did not reduce the augmentation in 
COX-2 and iNOS expression. 

The activation of ai-adrenoreceptors is less studied in inflammatory disorders, since it 
does not seem to play a major role in immune functions (Hasko, 2001). 
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6. Immune System in the CNS 

The CNS also contains resident cells that are responsible for the innate immune response. 
The main cell types responsible for this function are microglia and astrocytes. 

Microglia are considered the CNS macrophages that become active after injury or 
inflammation. These cells share a common monocytic progenitor with macrophages, and 
similarly are also able to produce and release many inflammatory mediators after activation, 
like eicosanoids, cytokines, chemokines, complement components, oxidative radicals and 
others. Moreover, they also present other functions like phagocytosis and antigen 
presentation. It is believed that microglia play an important role not only in protecting the 
CNS against infections, but also in the development of neurodegenerative diseases. However, 
their exact role in many neuroinflammatory conditions remains unclear. 


7. Role of NE and Adrenergic Agonists in Microglia 

Functions 

Considering the possible contribution of microglia in neuroinflammatory and 
neurodegenerative disorders, much work has been developed to search for substances or 
pathways that modulate microglia activation. The agonists of ARs are among these 
investigated pharmacological targets. 

Adrenoreceptors have been identified in microglia and the role of NE has been 
investigated in microglia activation. In vitro , microglia can be activated by different stimuli, 
like LPS, amyloid-p, IL-lp, TNFa and IFNy. However, the most used activator of microglia 
in in vitro studies is LPS. Stimulation of microglia with LPS leads to the increase in the 
production of different inflammatory mediators, like nitric oxide (NO), prostaglandins (PG), 
cytokines and others. 

NO is an important mediator in most brain pathological conditions that possess an 
inflammatory component, which is produced mainly by the inducible NO synthase (iNOS). 
Microglia, as well as astrocytes, are able to produce NO. Although NO is important for the 
innate immune defense against pathogens, it is also implicated in the pathology of different 
neuroinflammatory and neurodegenerative diseases, being involved, for example, in neuronal 
cell death (Brown, 2007). Norepinephrine, as well as phenylephrine, an agonist of a- 
adrenoreceptors and isoproterenol, and agonist of P-adrenoreceptors, reduce the expression of 
iNOS and the production of NO induced by LPS in murine microglia (Chang and Liu, 2000) 
(Mori et al., 2002) (Dello Russo et al., 2004) (Farber et al., 2005). 

The production of reactive oxygen species (ROS) is associated with cytotoxicity. In the 
CNS, microglia are an important source of these species. In neonatal hamster microglia 
stimulated with phorbol myristate acetate, a PKC activator, isoproterenol reduces the 
production of superoxide anion and this decrease was blocked by a p-adrenoreceptors 
antagonist (Colton and Chernyshev, 1996). 

The so-called pro-inflammatory cytokines, IL-lp, IL-6 and TNFa, may be important for 
the pathogenesis of diseases that present a neuroinflammatory component. IL-1 is one of the 
most studied cytokine and it presents different actions in the CNS, such as increase in iNOS 
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activation, induction of growth factors, reduction of glutamate release, altered N-methyl-D- 
aspartic acid response and others (Lucas et ah, 2006). 

Tomozawa et al. (Tomozawa et ah, 1995) showed that isoproterenol induces IL-lp 
mRNA in microglia, but not in astrocytes. This increase was inhibited by propranolol and by 
a cAMP-dependent protein kinase inhibitor. Similarly, NE, pi- and p2-adrenoreceptors 
agonists produce an increase in IL-lp mRNA, which is suppressed by Pi- and p 2 - 
adrenoreceptors antagonists (Tanaka et al., 2002). In line with those data, isoproterenol 
increases IL-la and IL-ip mRNA in microglia (Hetier et al., 1991). On the other hand, these 
authors also showed that LPS-induced production of IL-lp protein was inhibited by 
isoproterenol (Hetier et al., 1991). NE also decreases the production of IL-lp induced by LPS 
in miroglia (Dello Russo et al., 2004) (Madrigal et al., 2005). However, the reasons for these 
differences among the studies are still not clear. 

Incubation of neurons with media obtained from LPS-treated microglia induces neuronal 
cell death. However, if microglia are previously treated with NE, IL-ip production and 
neuronal cell death are reduced. The reduction of neuronal cell death can also be obtained by 
the treatment of the neurons with an IL-lp antagonist, suggesting an important role of 
microglial derived-IL-1P in neuronal cytotoxicity (Madrigal et al., 2005). 

Since TNFa and IL-6 are also important mediators in inflammatory responses, some 
work has also been done to investigate whether adrenoreceptors activation influences the 
production and release of these cytokines. TNFa, acting via two different receptors, p55 and 
p75, can present deleterious or protective effects in the CNS. There, it can be produced by 
microglia and astrocytes (Lucas et al., 2006). IL-6 has many functions in the CNS (see (Van 
Wagoner and Benveniste, 1999)). 

Different groups have demonstrated that NE and other ARs agonists reduce LPS-induced 
TNFa and IL-6 expression and release (Hetier et al., 1991) (Mori et al., 2002) (Farber et al., 
2005). However, the role of each adrenoreceptors in this response is still unclear. For 
example, Mori et al. (Mori et al., 2002) demonstrated that NE, the ai agonist phenylephrine, 
the Pi agonist dobutamine and the p 2 agonist terbutaline reduces the expression of TNFa and 
IL-6 mRNA and release, whereas the a 2 agonist clonidine had no effect. This reduction in 
TNFa and IL-6 was not observed after treatment of microglia with pi and p 2 agonists (Prinz 
et al., 2001). This difference could be explained by the different animal species and different 
adrenoreceptors agonists used in the studies. 

The effect of adrenoreceptors agonists on the production of other important mediators 
involved in inflammation have also been investigated. Prostaglandins are produced via the 
metabolism of AA by cyclooxygenases (COX) and subsequently by prostaglandin synthases. 
There are two main COX isoforms, COX-1 and COX-2. In general, COX-1 is considered to 
be constitutive, because it is constitutively expressed in many tissues, whereas COX-2 is 
induced by inflammatory stimuli, but it can also be present in some tissues without 
stimulation. Although it is still not clear, a role for COX-2 has been suggested for some 
neurodegenerative diseases (Hoozemans and O'Banion, 2005). Just few studies addressed the 
influence of adrenoreceptors activation on the AA cascade. Isoproterenol has been shown to 
increase the expression of COX-2 and PGE 2 synthesis induced by LPS in microglia 
(Minghetti and Levi, 1995). Our laboratory has also demonstrated that NE is able to increase 
COX-2 expression in LPS-stimulated microglia (Schlachetzki et al., submitted). 
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8. Role of NE and Adrenergic Agonists in Astrocytes 

Functions 

Astrocytes also express adrenoreceptors (Hertz et al., 1984) (Richards et al., 1989) and 
their activation has been shown to play some role in inflammatory contexts. NE reduces 
iNOS expression and nitrate accumulation in LPS plus cytokines-stimulated rat primary 
astrocytes (Feinstein et al., 1993; Feinstein, 1998). The reduction in the nitrate accumulation 
is attenuated by propranolol, but not by phentolamine, an a antagonist (Feinstein et al., 1993) 
(Facchinetti et al., 2004). 

NE also inhibits the IFNy-induced major histocompatibility (MHC) class II antigen 
expression in rat astrocytes, which is reduced by propranolol, but not by phentolamine or 
propranolol, suggesting that the effect of NE might be mediated through p 2 -adrenoreceptors 
(Frohman et al., 1988). 

In astrocytes, isoproterenol reduces TNFa and IL-6 promoter activity induced by LPS, as 
well as mRNA and protein levels (Nakamura et al., 1998). This effect was blocked by a p 2 
antagonist, but not by a pi antagonist. Similar results were obtained by Facchinetti et al. 
(Facchinetti et al., 2004), who showed that NE and isoproterenol reduce TNFa release in 
LPS-stimulated astrocytes and which is reversed by propranolol. The constitutive expression 
of IL-1 receptor mRNA is also reduced by isoproterenol and blocked by propranolol 
(Tomozawa et al., 1995). 

On the other hand, in the absence of LPS, NE and isoproterenol induce the expression 
and release of IL-6 in astrocytes (Maimone et al., 1993) (Norris and Benveniste, 1993). 
Moreover, NE synergizes with IL-lp and TNFa to induce IL-6 release. 

Investigating the mechanisms by which NE induces its anti-inflammatory activity, Klotz 
and colleagues (Klotz et al., 2003) demonstrated that NE and isoproterenol induce the 
transcription and expression of PPARy in murine primary astrocytes and neurons. PPARy is 
an important nuclear receptor involved in the transcription of different inflammatory 
mediators. Therefore, it is possible that NE induces some anti-inflammatory effects through 
increased PPARy expression. 

NE also influences the expression of other genes involved in the inflammatory response 
in the brain, such as MHC class II antigen and ICAM-1. More specifically, NE has opposite 
effects on these gene products depending on the cell type, like reducing the expression of 
MHC class II in glial cells, while enhancing MHC class II in IFNy-stimulated bovine brain 
endothelial cells. On the other hand, NE reduces the expression of ICAM in both astrocytes 
and brain endothelial cells (Feinstein et al., 2002). 


9. Intracellular Signallings Induced by Adrenergic 

Activation 

As described previously, activation of p-adrenoreceptors leads to the accumulation of 
cAMP and activation of PKA. This suggests that the effects of NE and other p- 
adrenoreceptors agonists are mainly mediated via activation of PKA. This is supported by the 
fact, that the effects of NE is mimicked by P agonists or by compounds that increase 
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intracellular concentration of cAMP, like forskolin, dibutyryl cAMP and 8-bromo-cAMP 
(Feinstein et al., 1993) (Pahan et al., 1997), undelying that NE acts via a cAMP-dependent 
signalling. However, other signallings might induced in response to NE. E.g. p 2 - 
adrenoreceptors activation reduces the production of cytokines in LPS-stimulated 
macrophages through inhibition of NF-kB (Farmer and Pugin, 2000) and via increasing the 
levels of IkB (Feinstein et al., 2002). 

Recently, Tan et al. (Tan et al., 2007) demonstrated that activation of p 2 -adrenoreceptors 
in the macrophage cell line (RAW264.7) in the absence of inflammatory stimulus increased 
the transcription and protein synthesis of IL-lp and IL-6. This increase was not reduced by 
neither a PKA nor a NF-kB inhibitor, but was dependent on p38 and p42/44 MAPK 
activation, which in turn, activated activating transcription factor (ATF)l and ATF2. 


10. Norepinephrine in Alzheimer’s Disease 

Alzheimer’s disease (AD) is the most common neurodegenerative disease in the elderly. 
Prevalence increases with age and by the year 2050 it has been estimated that world-wide 1 
out of 85 persons will suffer from AD (Brookmeyer et al., 2007). AD is clinically 
characterized by progressive memory deficits, speech problems, and visuospatial orientation. 
As the disease advances, the patient my develop apraxia (loss of the ability to execute or carry 
out learned purposeful movements), and requires help in performing activities of daily living. 
In moderate and severe stages of the disease, AD patients may show signs of neuropsychiatric 
syndromes like labile affect, aggression, hallucinations, sleep disturbances, and apathy. 

Neuropathological hallmarks of the disease are so called plaques, i.e., deposits of 
aggregated amyloid-p, and intracellular inclusion bodies primarily containing tau, termed 
neurofibrillary tangles. Nowadays, the “amyloid hypothesis” has reached wide-spread 
recognition (Hardy and Allsop, 1991) (Hardy and Selkoe, 2002). According to the amyloid 
hypothesis, amyloid-p aggregation causes altered calcium homeostasis in neurons, and 
increased oxidative stress as well as a pro-inflammatory environment with microglial 
activation in the CNS. Eventually, these changes lead to tau dysfunction and neurofibrillar 
tangle formation within susceptible neurons. This may ultimately end in synaptic and 
neuronal dysfunction and death (Hardy and Allsop, 1991) (Hardy and Selkoe, 2002). Widely 
recognized is a neuronal loss of cholinergic neurons, especially of the Nucleus basalis of 
Meynert (Whitehouse et al., 1982). However, neuronal cell loss is not restricted to neurons of 
the cholingeric system, but also to other brain regions. 

Up to 60% of neuronal cell death has also been described in the LC in post-mortem 
brains of AD patients (Mann et al., 1980) (Mann et al., 1982) (Wilcock et al., 1988) 
(Marcyniuk et al., 1986) (Szot et al., 2006) (Matthews et al., 2002) (Yang and Schmitt, 2001) 
(Ichimiya et al., 1986; Bondareff et al., 1987a) (Burke et al., 1999). In addition, reduced NE 
content was measured biochemically in different brain regions in post-mortem brains of AD 
patients (Baker and Reynolds, 1989) (Mann et al., 1980) (Mann et al., 1982) (Adolfsson et al., 
1979) (Iversen et al., 1983) (Matthews et al., 2002) (Nazarali and Reynolds, 1992) (Arai et 
al., 1992) (Palmer et al., 1987; Reinikainen et al., 1988) (Yates et al., 1983; Arai et al., 1984; 
Ichimiya et al., 1986). In patients with mild cognitive impairment, a “pre-“ symptomatic stage 
of AD, significant reduction of LC neurons has also been shown (Grudzien et al., 2007). 
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Patients with Lewy body dementia, a disease related to AD and PD also show decreased NE 
levels (Ohara and Kondo, 1998). These findings with neuronal loss of the LC and reduced 
levels of NE could not been observed in patients with vascular dementia (Mann et al., 1982) 
(Haglund et al., 2006) or fronto-temporal dementia (Yang and Schmitt, 2001). In addition, 
upregulation of adrenergic receptors, especially P 2 -adrenoreceptors has been observed in the 
hippocampus and prefrontal cortex in brains of AD patients (Kalaria et al., 1989). Some 
studies even suggested that LC cell death or decreased NE brains levels correlate with the 
severity and duration of dementia in AD (Bondareff et al., 1987b) (Bondareff et al., 1987a) 
(Matthews et al., 2002). Negative correlation between NE and cognitive function as measured 
with the mini mental status exam was found in the CSF of AD patients (Oishi et al., 1996). In 
contrast, another recent study was not able to detect any correlation between LC degeneration 
and severity of AD pathology (Haglund et al., 2006). 

The remaining neurons of the LC seem to dampen NE deficiency by several mechanisms: 
by increase in tyrosine hydroxylase mRNA expression and metabolic activity, and sprouting 
of axons into the hippocampus as evidenced by an increase in a 2 -adrenoreceptors (Szot et al., 
2006) (Hoogendijk et al., 1999). However, an overall decrease in a 2 -adrenoreceptor density in 
the brain of AD patients has been described (Meana et al., 1992). Moreover, a reduced 
density of NE innervation into the hippocampus has been observed (Powers et al., 1988). 

More insights of the role of NE in AD has been obtained by using animal models of AD. 
A major drawback of most AD animal models is the fact they do not fully mimic the AD 
pathology as seen in humans. E.g., aged transgenic AD mice do not show reduction of LC cell 
numbers or cortical NE levels. To investigate the role of NE depletion in AD animal models, 
a selective NE neurotoxin, DSP-4 or N-(2-chloroethyl-N-ethyl-2 bromobenzylamine, can be 
injected directly into the LC. DSP4 causes acute loss of LC neurons, degeneration of LC axon 
terminals and decreased neuronal activity (Grzanna et al., 1989) (Fritschy and Grzanna, 1989) 
(Olpe et al., 1983). In addition, DSP4 injection leads to impaired electrophysiological 
functions of the remaining LC neurons (Magnuson et al., 1993). 

Depletion of NE may cause deterioration of AD pathology in different animal models 
(Heneka et al., 2002) (Kalinin et al., 2007) (Heneka et al., 2006). Animals who received 
amyloid-p injections into the cortex and chronic DSP4 to induce LC neuronal cell death led to 
induction of inflammatory changes within the CNS of AD animals. An increase in iNOS, IL- 
ip, and IL-6 expression compared to control animals was measured in the brain. However, 
COX-2 expression was transiently reduced in the AD animals. Co-injection with NE or the p- 
adrenoreceptors agonist isoproterenol attenuated the inflammatory response in the amyloid-P 
and DSP4 injected animals. The inflammatory response caused by NE depletion seems to be 
due to reduced levels of NF-kB inhibitory IkB proteins and of heat shock protein 70 (Heneka 
et al., 2003). 

Noradrenergic depletion in AD transgenic animals showed an increase in the plaque 
number and plaque area as well as to an increase in the number of activated microglia and 
astrocytes (Heneka et al., 2006) (Kalinin et al., 2007). 

Heneka and O’Banion proposed the theory that LC loss and noradrenergic depletion of 
cortical and hippocampal areas may promote neuropathological and inflammatory changes in 
a vicious, sustained cycle in AD (Heneka and O'Banion, 2007). 

Another reason for increased plaque burden may be the decreased capability of microglia 
to phagocytose and digest amyloid plaques. Microglia have been considered to act as a 
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double-edged sword: on the hand they are neuroprotective by secreting neurotrophic factors, 
anti-inflammatory molecules like IL-4 or IL-10 or promote phagocytosis of soluble and 
insoluble forms of amyloid-P; on the other hand microglia might caue neurotoxic effects by 
releasing inflammatory mediators such as IL-ip, IL-6, TNF-a or NO. In a study by Kalinin 
and colleagues, treatment of a primary microglial cell culture with 10 pM NE led to a 12-fold 
increase in phagocytosis of labelled Ap in vitro (Kalinin et ah, 2007). This effect may be due 
to increased cAMP levels via the activation of p-adrenoreceptors. 

Degeneration of LC and NE loss in the brain in AD transgenic mice also showed 
influence on AD neuropathology applying magnetic resonance imaging and PET nuclear 
imaging. It has been be shown that AD transgenic animals receiving DSP4 treatment showed 
significant changes in glucose metabolism, neuronal integrity and cholinergic function in vivo 
compared to control transgenic AD mice (Winkeler et al., 2008). 

In AD, neuropsychiatric sequelae of the disease may at least partially explained by 
degeneration of LC neurons and an altered NE system. 

Agitated behaviours are common in the vast majority of patients with AD during the 
course of the disease. Increased norepinephrine activity has been linked with agitation and 
aggression (Lindenmayer, 2000). This may be due to an upregulation of 012 - and P- 
adrenoreceptors in the cerebellum (Russo-Neustadt and Cotman, 1997). In that study, the 
authors suggested that the cerebellum may have an important role in behavioural control. 
Another reason that might account for agitated behaviour is an increased sensitivity to NE 
stimulation in AD patients. Degeneration of the LC has also been postulated to result in 
aggressive behaviour and a positive correlation between NE cell loss and aggression 
(Matthews et al., 2002). 

Depression is especially found in patients with a mild stage of AD. Depressed AD 
patients show significantly more LC neuron degeneration compared to non-depressive AD 
patients (Forstl et al., 1992) (Zubenko and Moossy, 1988). Depressed AD patients also show 
signs of reduced NE cortical levels (Zubenko et al., 1990). Changes in NE content within the 
thalamus may explain changes observed in the EEG of AD patients (Soininen et al., 1992). 

Thus, NE has to be considered a major factor in the pathogenesis of AD and that 
treatment options targeting the NE system may be beneficial to the AD patient. 

Data from clinical studies suggest that pharmacological inhibition of adrenoreceptors 
may alter the cognitive function of AD patients. Patients with cognitive impairments 
deteriorated even more in the delayed memory test when treated with a p-blocker (Gliebus 
and Lippa, 2007). On the other hand, treatment with a p-adrenoreceptor antagonist AR led to 
a better outcome in behavioural disturbances, e.g., aggression, in a nursing home for 
demented patients (Peskind et al., 2005). Another approach is the treatment by augmenting 
noradrenergic signaling. In a study conducted by Watson and colleagues, insulin treatment in 
people without dementia increased levels of NE as measured in the CSF and more 
importantly, better cognitive function was noted in these patients (Watson et al., 2006). 
However, hyperinsulinemia in another study increased the level of inflammatory markers in 
the CSF (Fishel et al., 2005). 
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11. Role of Norepinephrine in Parkinson’s Disease 

Idiopathic Parkinson’s disease (PD) belongs to the group of movement disorders and 
affects about one percent of the population over the age of 50 years. Patients with PD may 
present with the cardinal symptoms of tremor, rigidity, bradykinesia, and loss of postural 
reflexes. Idiopathic PD is characterized neuropathologically by the degeneration of 
dopaminergic neurons in the substantia nigra pars compacta resulting in reduced levels of 
dopamine in the striatum. Affected neurons in the substantia nigra show intraneuronal 
inclusions, termed Lewy bodies. Lewy bodies are mainly composed of aggregated a- 
synuclein. The cardinal motor symptoms of PD do not become apparent until around 80% of 
the dopaminergic terminals have been lost. 

However, besides symptoms involving the extrapyramidal system, many patients with PD 
show signs of non-motor symptoms. Neuropsychiatric symptoms like depression, apathy, 
dementia, hallucinations, and sleep disturbances such as rapid eye movement sleep disorder, 
restless legs and periodic limb movements and excessive daytime somnolence have also great 
significance in quality-of-life, hospitalisation rates, or social economic burden ( Global 
Parkinson’s Disease Survey Steering Committee , 2002) (Aarsland et al., 2000) (Witjas et al., 
2002) (Chaudhuri et al., 2006). These clinical deficits clearly show that also other brain 
regions and neurotransmitters besides the substantia nigra and dopamine, respectively, may 
be of relevance in PD. Indeed, neuronal loss and the occurrence of Lewy-bodies have been 
described in many other brain regions of the brain (Braak et al., 2003). 

Regarding the NE system, loss of neurons in the LC and the existence of Lewy bodies 
have been shown by analysis of post mortem brains of PD patients (Zarow et al., 2003) 
(Hoogendijk et al., 1995) (Jellinger, 1991) (Chan-Palay and Asan, 1989). Reduced levels of 
NE in addition to disturbances in other related neurotransmitter system like the serotonergic 
may account for clinically relevant symptoms like depression, dementia, sleep disorders and 
autonomic dysfunction seen in PD. 

Besides its involvement in behavioural symptoms, there might exist in analogy to AD a 
direct effect of NE on the dopaminergic system and thereby involvement in the motor 
symptoms. There is some evidence, that NE neurons of the LC directly innervate midbrain 
dopaminergic neurons as stimulation of the LC facilitates firing of neurons of the substantia 
nigra (Grenhoff et al., 1993). 


Neuroprotective and Anti-Inflammatory Effects of NE on the Dopaminergic 
System 

Experimental lesions of the LC in animal models of PD exacerbate PD pathology and 
behavioural symptoms (Marien et al., 1993) (Mavridis et al., 1991) (Fomai et al., 1997) 
(Srinivasan and Schmidt, 2004a). This could imply, that loss of NE levels in the substantia 
nigra leads to an abolition of a neuroprotective effect of NE on dopaminergic neurons and 
render it more susceptible to disturbances in the homeostasis of the substantia nigra. This 
hypothesis is corroborated by findings in animal mouse models, in which higher NE levels 
protect dopaminergic neurons from damage (Kilboum et al., 1998) (Rommelfanger et al., 
2004) (Srinivasan and Schmidt, 2004b). Recovery of NE levels after an acute lesion of the LC 
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leads to a reversal of motor symptoms in an animal model of PD (Srinivasan and Schmidt, 
2004c). In human post-mortem PD brains, brain regions with high NE levels showed less 
dopaminergic cell loss (Tong et ah, 2006). The mechanism(s) for the observed 
neuroprotective effect of NE is unclear. One mechanism may be the role of NE as an 
endogenous anti-inflammatory agent as described earlier for AD. Microglial activation plays 
a pivotal role in mediating neuroinflammation and is observed in PD (McGeer et al., 1988) 
(Imamura et al., 2003) (Ouchi et al., 2005) (Sawada et al., 2006). As mentioned above, NE 
can downregulate the expression of inflammatory genes and NO (Mori et al., 2002) (Chang 
and Liu, 2000). Therefore, reduction of NE due to degeneration of NE neurons of the LC may 
be permissive for enhanced inflammatory responses and eventually resulting in neuronal cell 
death. 

Besides its anti-inflammatory effect, NE might exert anti-oxidant properties. NE 
promotes survival and function of primary rat dopaminergic cells mesencephalic cells by 
reducing oxidative stress in vitro (Troadec et al., 2001). It has been proposed that 
dopaminergic cells are especially susceptive to oxidative stress in PD (Fahn and Sulzer, 
2004). 

NE may therefore be a target for a symptomatic therapy for some aspects of PD (Rye and 
DeLong, 2003). Increasing NE levels in the brain has the potential to slow down disease 
progression by protection of dopaminergic midbrain neurons and thereby improving motor 
symptoms but also to alleviate non-motor symptoms like depression and sleep disorders. A 
clinical trial with efaroxan, an a 2 -adrenoreceptor antagonists, revealed positive results in 
management of bradykinesia and rigidity (Rascol et al., 1998). Reboxetin, a selective NE 
reuptake inhibitor showed good clinical efficacy in the treatment of depression without 
worsening of motor symptoms (Lemke, 2000). Enhancing NE content with methylphenidate, 
a dopamine and NE reuptake inhibitor, improved motor symptoms in patients with advanced 
stages of PD, also pointing at a connectivity between the dopaminergic and the NE systems 
(Devos et al., 2007). A beneficial effect of NE on L-DOPA induced dyskinesia has been 
suggested (Colosimo and Craus, 2003). On the other hand, blocking of NE release by 
administration of clonidin, an a 2 -adrenoreceptor agonist, impairs attention in PD patients 
(Riekkinen et al., 1998). 


12. Norepinephrine in Multiple Sclerosis 

Norepinephrine has been suggested to have an immunosuppressive role in the brain as 
reviewed elsewhere (Feinstein et al., 2002). In Multiple sclerosis , the most common 
demyelinating disease of the CNS, inflammatory cell infiltration with recruitment of 
peripheral mononuclear cells from the blood, is a major pathological hallmark. In addition, 
microglia and astrocytes show evidence of immune activation. In this autoimmune disease, 
NE level alterations may also contribute to the disease pathogenesis. NE concentration in the 
grey matter regions of spinal cords of experimental autoimmune encephalomyelitis (EAE) 
rats, an animal model of multiple sclerosis, was found to be depleted (White et al., 1983). 
Pharmacological studies with P-adrenoreceptor agonists suppressed EAE symptoms 
(Wiegmann et al., 1995) (Chelmicka-Schorr et al., 1989). However, findings further 
strengthening a role of NE in patients with MS are scarce. Interestingly, in patients with MS 
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no p 2 -adrenoreceptor was detected on astrocytes in normal appearing white matter and around 
plaques (De Keyser et ah, 1999) (Zeinstra et ah, 2000). The reason for this is not known yet. 
As mentioned above, NE may dampen the inflammatory response of glial cells astrocytes by 
inhibition of genes involved in the inflammatory response, i.e., iNOS, IL-1 and TNF-a. A 
down-regulation of the p 2 -adrenergic receptor on astrocytes may increase the inflammatory 
response of astrocytes in brains of patients with multiple sclerosis and thereby contribute to 
the disease pathogenesis. Indeed, astrocytes in MS plaques express for example high levels of 
iNOS and NO may mediate demeyelination and axonal injury (Liu et al., 2001) (Smith and 
Lassmann, 2002). In the EAE mouse model, mice treated with venlafaxine, a serotonin/NE 
reuptake inhibitor showed down regulation of the inflammatory gene response (TNFa, IL-12) 
(Vollmar et al., 2008) 


13. Summary 

As shown in various animal models of neurodegenerative disease, NE may have a direct 
effect on the pathogenesis of various neurodegenerative disorders. NE seems to exert anti¬ 
inflammatory and anti-oxidative effects and thereby influences neuroinflammation. 
Neuroinflammation emerges as a major player in the disease process of AD and PD. 
Deterioration of the NE system may increase neuroinflammation, thereby rendering certain 
neuronal cell population more endangered to degenerative processes. On the other hand, 
alterations in the NE system, contributes to the development of neuropsychiatric sequelae in 
patients with neurodegenerative diseases. Thus, development of regimes targeting the NE 
system may be helpful in the symptomatic treatment of cardinal and neuropsychiatric 
symptoms as seen in these diseases. 
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Abstract 

The aim of this chapter is to examine the role of noradrenaline in interpersonal 
functioning. Healthy interpersonal functioning is important for the development of 
relationships in both work and personal situations. Many psychiatric disorders including 
depression are associated with poor interpersonal functioning and less social activity but 
improvement in interpersonal functioning can be independent of symptom resolution. 
Noradrenaline may be involved in the adaptive function of human social behaviours. 

Concepts relevant to interpersonal behaviours leading to interpersonal rejection and 
the relationship between social skills and depression will be briefly reviewed. Then the 
methodology involved in this type of research will be described. This will involve both 
techniques developed to measure interpersonal functioning, from questionnaires to 
laboratory tasks, and psychotropic drugs which have been used to study noradrenergic 
function. 

Using these methodologies, experimental results showing specific effects related to 
noradrenaline in both clinical and experimental studies will be described. Reboxetine has 
been shown to be associated with increased cooperative behaviour and other socially 
adaptive behaviours. 

It is concluded that noradrenaline modulates cooperation and other socially adaptive 
behaviours and this action may promote friendship formation and facilitate social 
support. 
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I .What is Interpersonal Functioning? 

A. Importance of Healthy Interpersonal Functioning for Relationship 
Formation and Social Support 

Having good interpersonal functioning is important for psychological well-being. 
Interpersonal functioning encompasses the concepts of social support and meaningful close 
relationships. Good functioning has been suggested to have a stress-buffering function to 
reduce pressure and tension and protect against the development of serious mental disorders. 
For example, in an important study (Cohen et al., 1986), 188 university students were asked 
to fill in questionnaires measuring their social support, depression and social skills in three 
separate sessions. The interval between sessions was 11 weeks. Those who reported more 
perceived social support were found to have lower depression scores. 

Thus, according to the stress-buffering model, the beneficial effects of social support on 
depression are exerted by a reduction of stress (Dean and Lin, 1977). In contrast to this 
hypothesis, other evidence suggests that social support exerts direct positive effects on 
depression rather than mitigating the negative impact of stress. For example, Dean and Ensel 
(1982) found that there were no significant interaction effects between social support and 
stress in predicting depression. Furthermore, Aneshensel and Stone (1982) found that social 
support did not influence the impact of stress on depression. In their analysis, it was found 
that depression was independently related to stress and social support. In fact, no significant 
interaction between social support and stress was found to predict depression. Thus, social 
support may not principally reduce depressive symptoms by the reduction of stress. 

There are two main concepts of interpersonal functioning: the quantitative and qualitative 
aspects. Quantitative refers to social network size. In some studies, it was found that 
depressed patients had significantly smaller social network sizes as compared to healthy 
controls (e.g. Flaherty et al., 1983). However, contradicting results were also found (e.g. 
Schaefer et al., 1981). It has been pointed out that this aspect of interpersonal functioning may 
not be an appropriate measure to indicate the positive effects of social support (Leavy, 1983; 
Brugha, 1984). In fact, increased network size might actually produce some negative 
influences. For example, Schaefer et al. (1981) and Blazer (1983) suggested that increased 
social network size could also increase negative interpersonal events, which might counteract 
the potential positive effects of social support. According to another strand of research, the 
positive effects of interpersonal functioning are thought to relate more closely to the 
qualitative aspect e.g. closeness of relationship. 

Weiss (1974) proposes six elements of social relationships which are important for 
maintaining psychological well-being: attachment, social integration, opportunity for 
nurturance, reassurance of worth, a sense of reliable alliance, and obtaining guidance. Thus, 
social relationships that provide a sense of worth or attachment would be protective against 
the development of depression. In the same vein, Oatley and Bolton (1985) suggest that if a 
person lacks alternative sources of self-definition and at the same time an event occurs that is 
likely to disrupt the roles by which people define their worth, he/she would be more likely to 
develop depression. Evidence to support this notion comes from research conducted by 
Bolton and Oatley (1987). They found that unemployed people were more likely to become 
depressed if they had little social contact with others. Furthermore, the authors point out that 
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social contact supplied an alternative source of sense of worth to that which the unemployed 
person had lost. Similarly, Mallinckrodt and Fretz (1988) found that social support offering 
reassurance of worth was important in lowering stress symptoms. 

The benefit of social support is clear and Vinokur et al. (1987) suggested that social 
support is an interpersonal transaction. People are therefore able to elicit behaviour from 
others to assure them of their sense of worth. As suggested by Pearlin et al. (1981) such 
interpersonal transactions might be dependent on the extent of the relationship. Alternatively, 
Mallinckrodt and Fretz (1988) proposed that those who share common values and interests 
provide reassurance between themselves and that these shared values and interests are the key 
determinants for building a meaningful relationship with others. Therefore, being able to 
develop a close friendship with others is important in interpersonal functioning. One 
important factor in friendship formation is the possession of adequate social skills. Cohen et 
al. (1986) reported that improved social skills were associated with an increase in friendships 
and perceived social support. In line with this finding, Cole and Milstead (1989), using 
Structural Equation Modelling, showed that social skills had a strong influence on social 
support (beta = 0.70). Therefore, social skills are an important determinant of friendship 
development, which subsequently influence interpersonal functioning. 


B. Relationship between Depression and Interpersonal Functioning Deficits 

Interpersonal behavioural deficits are common in many psychiatric conditions, including 
schizophrenia (Haley, 1985), depression (Coyne, 1976a; Libet, and Lewinsohn, 1973; 
Gurtman, 1987), mania (DSM-IV), attention deficit hyperactivity disorder (ADHD, 
Alessandri, 1992) and autism (VanMeter et al., 1997). These deficits might contribute to poor 
interpersonal functioning and they might also result in reduction of social support. Therefore, 
studying interpersonal behaviours should significantly contribute to our understanding of the 
micro-mechanism of interpersonal functioning related to different psychiatric illnesses. 

According to research conducted in depressed patients, deficits in social skill behaviours 
can be categorised into two dimensions: activity and involvement. Many research findings 
have shown that depressed patients are less active: they talk less, show less eye contact, and 
smile less. This kind of social behaviour has been described as passive and uninvolved and 
could lead to rejection by the other person in a dyadic social interaction. In contrast, 
according to one of the major classification system (DSM-IV; APA, 1994), the 
communication behaviour of manic patients is characterised as joking, punning, and amusing 
irrelevancies. This behaviour might also negatively affect interpersonal interaction leading to 
social rejection and poor interpersonal functioning as in the case of depression and could be 
recognised as the active counterpart of a depressed communication style. Therefore both too 
little and too much activity are harmful to interpersonal functioning. People with healthy 
interpersonal behaviours might be warm and sociable and therefore active and involved in 
conversations with a social partner, or they might be shy and quiet and therefore passive but 
involved (Sacks and Bugental, 1987). 

Much research has focused on the relationship between interpersonal functioning and 
depression. It has been found that depressed patients show more problems in their 
interpersonal functioning (Flaherty et al., 1983; Friedman, 1993; Klerman, 1989). They 
engage less in social activities, such as visiting friends/relatives and they enjoy their work 



28 


Wai S. Tse and Alyson J Bond 


less. Problems in interpersonal functioning may persist for years, even after symptom 
resolution (Hirschfeld et al. 2000). In fact, Hammen and Brenman (2002) suggested that 
interpersonal dysfunction is a stable trait for people with clinical depression. Therefore, it 
remains unclear whether reduced interpersonal functioning precedes or is a consequence of 
depression. However, the common consensus is that psychosocial functioning does play a role 
in the mechanism of depressive disorders. 

Flaherty et al. (1983) found that social functioning had a strong negative relationship with 
the social network of depressed patients; the larger the social network, the less likely patients 
were to be depressed. On the other hand, poor social functioning might be indicative of more 
interpersonal stress. However, the detailed mechanism of how the social network affects 
depressive symptoms is not clear. One of the reasons for this lies in the definition of social 
functioning. The concept of social functioning encompasses many different facets of social 
behaviour. Tyrer and Casey (1993) suggest that social functioning contains six features: co¬ 
operation, affability, bonding, community, status, and class. These six features could be 
grouped into two categories. The first three features would be related to interpersonal 
functioning such as social network and relationships, and the others would be related to 
societal functioning such as social role or standing within society. These different aspects of 
interpersonal functioning might affect depressive disorders differently. For example, Plant 
and Sachs-Ericsson (2004) reported that having stronger social support from a close friend 
could reduce stress. In the following section, we focus on aspects of interpersonal 
functioning. 


II. How to Measure Interpersonal Functioning? 

A. Measures of Global Interpersonal Functioning: 

Interpersonal functioning has been a topic of clinical study. The concepts of interpersonal 
functioning are many and there is no common definition. In general, interpersonal functioning 
is understood to indicate the ability of a person to form positive social relationships that might 
be reflected in the social support they receive from friends and family members, the closeness 
of their relationships with others, and the motivation to form supportive friendly relationships 
with others. 

In this review, we describe 3 questionnaires commonly used to measure an individual’s 
interpersonal functioning: the interview schedule for social interaction, the revised social 
adjustment scale, and the social adaptation self-evaluation scale. These 3 questionnaires differ 
both in their theoretical underpinnings and their item structure and so it can be concluded that 
they measure different aspects of the interpersonal functioning of an individual. 

I) Interview Schedule for Social Interaction 

Building upon the hypothesis that deep and meaningful social relationships have a 
protective role against neurosis, Henderson et al. (1980) developed the interview schedule for 
social interaction (ISSI). Six benefits were believed to be found in a meaningful relationship 
including: (1) a sense of attachment and security, (2) social integration, (3) provision of 
reassurance as to one’s personal worth, (4) a sense of reliable alliance, (5) the opportunity to 
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care for others and (6) availability of help and guidance. The interview takes 45 minutes to 
finish. In their psychometric analysis, Henderson et al. (1980) noted that the reassurance and 
reliable alliance dimensions could not be measured reliably and that they might be 
confounded with the concept of friendship. Furthermore, validity of the dimension, the 
opportunity to care for others, was weak. Despite these psychometric weaknesses, McDowell 
(1987) recommended this as one of the best scales to measure social support. 

Based on Henderson et al.’s work, an abbreviated version of the ISSI has been developed 
by Unden and Orth-Gomer (1989) which contains two dimensions: availability of social 
integration (AVSI) and availability of attachment (AVA). The AVSI measures superficial 
relationships and support. It simply focuses on the quantity or number of relationships which 
would be a weak predictor of future psychological health. However, the AVA measures the 
availability of deep relationships: with close friends, family members and spouses who could 
provide emotional support. The AVA purports to be a good predictor of resistance to 
psychological stress. 

II) Social Adjustment Scale-Revised 

Weissman and Paykel (1974) revised a previously developed questionnaire to assess the 
performance of individuals in different roles, called the social adjustment scale (SAS-R). 
These roles included: (1) work, (2) housework, (3) parental role, (4) social leisure activities, 
(5) extended family relationships, (6) marital relationship, and (7) family unit. Functioning in 
the last four roles is an important indicator of interpersonal functioning. Having deep 
relationships outside the immediate family helps an individual to draw more social support. 
Furthermore, the success of relationships outside the family indicates that the person 
possesses competent social skills and is able to form and maintain meaningful relationships 
with others. Marital and familial relationships were the resources most easily accessible to the 
individuals. However, broken marital and familial relationships might generate stress and lead 
to the development of depression (Weissman, 1997). 

While the SAS enjoys a certain amount of success from being widely adopted in many 
different psychological studies, its evaluation is also dependent on role changes which might 
be one short-coming. In addition, any reduced social interaction reported from the scale might 
be confounded with social discomfort. 

III) Social Adaptation Self-Evaluation Scale 

Based on the social reinforcement model of depression (Libet and Lewinsohn, 1973), the 
social adaptation and self-evaluation scale (SASS; Bose, Dubini, and Polin, 1997) is a 
recently developed drive-based scale for the evaluation of social functioning. The assessment 
of the motivational aspect of interpersonal functioning may be more apposite than the ability- 
based aspect (Ranjith et al., 2005). In their social reinforcement model of depression, Libert 
and Lewinshon (1973) argued that people who do not have the skills to acquire social 
reinforcement would be vulnerable to the risk of depression. Bose et al. (1997) proposed that 
the passivity of depressed people decreases their ability to elicit social reinforcement 
including social support and favorable attitudes from others, which are important for the 
maintenance of self-esteem and the reduction of stress. Together, these two groups of authors 
suggest that the lack of motivation to acquire social reinforcement makes an individual 
vulnerable to the risk of depression as well as maintaining the depression for a long time. 
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Thus, the drive-based aspect of social functioning is more sensitive than the ability-based 
aspect as a way of depicting the role of social functioning in depression. 

The SASS assesses the areas of work and leisure, family and extra-family relationships, 
satisfaction with one’s roles and the ability to manage one’s environment. These are related to 
the mediating factors of life stress, family cohesion, social exchange, and social support. One 
of the advantages of the SASS is that the assessment would not be affected by role changes 
due to life developments. 


B. Questionnaires for Interpersonal Behaviour: 

Interpersonal behaviour is an interest of many clinical studies and so some questionnaires 
have been developed. Due to the context of these questionnaires, many of the behaviours are 
related to interaction in a psychiatric institute setting and only a few of them are free from the 
limitation of this context and suitable for a non-clinical population. Despite this limitation, 
two questionnaires have been used in psychopharmacological studies and have shown 
promising results indicating the effects of antidepressants on social behaviour. 

I) Impact Message Inventory 

Based upon his interpersonal theory, Kiesler developed the Impact Message Inventory 
(IMI: Kiesler et al., 1985). In his theory, he suggested that a person’s (sender) own 
behaviours would impose his/her own self-definition onto another person by interpersonal 
interaction and this person would receive and decode it covertly. The emotions, cognition of 
this person would be subjected to the influences of the sender. The IMI is a 90 item self- 
report inventory to assess 8 different types of covert reactions toward a specified person 
evoked during interpersonal transactions: dominant, friendly-dominant, friendly, friendly- 
submissive, submissive, hostile-submissive, hostile, hostile-dominant. In addition, the IMI 
can assess 15 interpersonal styles: dominant, competitive, hostile, mistrusting, detached, 
inhibited, submissive, succorant, abasive, deferent, agreeable, nurturant, affiliative, sociable 
and exhibitionistic. The use of the IMI in drug studies could provide ecologically valid 
interpersonal behavioural effects relating to specific drug actions. This information could 
complement the social behavioural information obtained in laboratory studies. Using a 
different technique, Moskowitz et al. (2001) reported that 14 days tryptophan 
supplementation enhanced dominant behaviours by the participants. Thus, the IMI could be 
sensitive to neurotransmitter manipulation. 

II) Two Dimensional Social Interaction Scale 

In our study of human social behaviour, we have developed a new observer rating scale 
called the Two Dimensional Social Interaction Scale (2DSIS; Tse and Bond, 2001) to 
measure social behaviour using a two-dimensional approach. The two dimensions are activity 
and participation and they are created based on the behavioural description of many common 
psychiatric disorders including depression, mania, autism and ADHD according to the DSM- 
IV. In accordance with these considerations, we proposed a two bipolar dimensional 
categorization system for social behavior: activity-passivity and participation- 
nonparticipation. A list of 20 adjectives was generated by selecting common social interaction 



Interpersonal Functioning 


31 


descriptions e.g. talkative, warm, cool, using a thesaurus (Robert, 1962). The use of an 
adjective checklist to quantify social behavior and so an observer rating approach was chosen. 
The scale was validated in a stranger-confederate dyadic social interaction paradigm. The 
2DSIS provides a quick method of assessing social behavior which can be used in 
conjunction with conventional assessment tools to evaluate the social functioning of patients 
before and after treatment (Tse and Bond, 2001). 


C. Laboratory Tasks 

The study of social behaviours can be done by asking the participants to report their own 
social behaviours using a standard rating form or the ratings can be done by an observer who 
is close to the targeted participants. However, subjective bias cannot be avoided with the use 
of the rating method. Direct counting of the observable behaviours under a structured setting 
can provide a meaningful method to measure drug effects on social behaviours. It represents a 
powerful tool to examine the slightest changes in social behaviours induced by psychoactive 
drugs. We are going to describe three different laboratory tasks to study interpersonal 
interaction: dyadic interaction, the mixed motive game and the tangrams game. The two 
participants could both be volunteers, or one a volunteer and one a confederate. The 
discussion of the use of confederates is beyond the scope of the present review. Instead of 
focusing on actual social behaviour, facial emotion perception, which is thought to be one of 
the most important factors regulating social behaviour, is commonly studied in many 
psychiatric disorders including depression and schizophrenia. A brief description of this 
technique will be included. 

I) Stranger Dyadic Interaction 

Stranger-dyadic interaction has been used in many studies of social behaviour and some 
have used depressed people. Briefly, a person, who could be another volunteer or a 
confederate (an actor) who did not know the subject before, is placed with the subject in a 
room for a brief period of time. They are instructed to interact with each other. Usually, the 
room is equipped with a camera and microphone to record the movement and conversation of 
both persons for subsequent analysis. In the depressed-stranger social interaction, the 
interaction takes place between a normal healthy volunteer and a depressed person. After the 
social interaction, the stranger is also usually asked to rate how much they would reject their 
social partner (depressed person) as measured by the Post Encounter Scale (PES; Coyne, 
1976b) and this is the end of the experiment. Four major problems were identified with this 
commonly used depressed-stranger dyadic social interaction paradigm. Therefore, we have 
designed a modified version of the dyadic social interaction paradigm. The four problems and 
the way in which we tackled them will now be outlined. 

1) A common problem in stranger-dyadic social interaction studies is that the subjects 
may not act in their normal way. Many factors have caused this problem. One factor 
is the one way mirror. This might arouse the subjects’ suspicions that they are being 
observed and they will therefore act in a socially desirable way. In order to reduce 
this kind of suspicion, there was no one-way mirror in the room and the camera and 
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microphone were hidden in furniture in the room. Subjects were therefore unaware of 
filming or recording until the debriefing. 

2) The second problem is the explicit instruction to socially interact with the other 
person in the room. This instruction is very artificial and might also arouse subjects’ 
suspicions and lead them to think their social partner might be a confederate and that 
their behaviour would be recorded. As a result, they might act in a particular way and 
weaken the validity of the result. In order to overcome this potential problem, the 
subjects were not asked explicitly to socially interact with their social partner. 
Instead, they were told that they would be playing a game with another volunteer in a 
few minutes when the laboratory was ready. Meanwhile, they were taken to the 
waiting room where the other volunteer was already waiting while the experimenter 
checked the equipment. The subject therefore believed that he/she and the 
confederate were both waiting to do the same experiment. This encouraged them to 
interact. 

3) The third factor that might affect the validity of the ordinary dyadic-stranger social 
interaction is that there is no measurement concerning the behavioural manifestation 
of rejection. Most experiments finish after the social interaction, as soon as the 
stranger has filled in the Post Encounter Scale. The direct effects of the interaction or 
of rejection (on the PES) have not therefore been examined. In the present 
experiment, an interactive co-operative game was included. The game was played 
immediately after the social interaction and the PES. The game behaviour of the 
subjects therefore provided objective information about the effects of interaction with 
different confederates and rejection as measured by a pencil and paper method. 

4) A fourth problem is the use of other volunteers as the social partner in the social 
interaction paradigm. The social behaviour of different volunteers would vary. In 
addition their appearance, voice quality, interests could differ considerably and lead 
to potential differences in attractiveness. These factors might influence the results, 
especially on the measurement of rejection. Therefore, confederates were used to 
reduce such variation as recommended by Sacco et al. (1985). 

The modified stranger-dyadic paradigm requires two persons to come to a waiting room 
(equipped with a camera and microphone to collect their social interaction behaviours) where 
they are kept for 3 minutes. One of the persons is a well-trained confederate who is able to 
produce reliably a set of pre-determined behaviours. To avoid any expectancy effects, the 
confederate is blind to the experimental hypothesis. Furthermore, several methods are used to 
ensure a reliable performance of thepredefmed role including intensive training in the use of 
standardized conversation scripts and nonverbal behaviours rules. These behaviour rules 
involved, for example, smiling and engaging in eye contact during conversation and speaking 
little and rarely initiating conversation but keeping the topics relevant to the subjects. The 
rules were developed based on a study conducted by Sacks and Bugental (1987).This 
maximizes experimental control and minimizes statistical errors due to individual effects. 

In our search for the major dependent variables, five behavioral variables were identified 
to be sensitive to antidepressant treatment: total duration of speech (SPEECH); proportion of 
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speech by subject with eye contact (GAZE1) 1 ; proportion of speech by subject without any 
eye contact (NOGAZE2) 2 ; proportion of subject eye contact during confederate speech 
(LOOK3) 3 ; and proportion without any eye contact from subject during confederate speech 
(NOLOOK4) 4 . The absolute amount of these social behaviors could be strongly affected by 
the role of the confederate and so proportions such as GAZE, NOGAZE, LOOK, and 
NOLOOK can be used to produce a better inference of the treatment effects. These 
behaviours have been shown to be reliably influenced by antidepressants (Tse and Bond, 
2003). Other behaviours, such as smiling, head nodding, illustrative movement and fiddling, 
were found to be less reliably influenced by antidepressants (Tse and Bond, 2002). 

II) Mixed Motive Game 

The Prisoner dilemma (PD) game is one of the standard protocols used to study 
cooperative behaviour. However, it only involves the option of either cooperation or 
deflection which is too simple to account for complex human social interactions. A modified 
version of the Prisoner Dilemma game called the mixed motive game (MMG) has been 
developed (Hokanson et al., 1980). It allows more choices in the continuum from cooperation 
to deflection, including ingratiation, punitive moves without self-gain, cooperation and 
deflection. Furthermore, differently from the PD, the MMG requires participants to select 
their options in a sequential rather than in a simultaneous manner. 

In the MMG, player 1 selects their choice (one of the three rows) first. After knowing the 
choice of row that player 1 has selected, player 2 has to choose one of the three options of that 
row (see Figure l).The sequential selection procedure tries to resemble the cooperation 
decision process in real live situations in which one person proposes a suggestion and another 
replies with one of these four cooperative-deflective choices. To enhance the ecological 
validity of the game, the game is played for 30 trials rather than a one-off trial. Under this 
selection method, player 2 will always have a higher power to be cooperative, deflective or 
punitive. Thus, retaliation by player 1 is impossible even if player 2 always plays in a punitive 
manner. This allows observation of the cooperative/punitive behavioural effects of 
antidepressant treatment with a minimum disturbance of other psychological influences 
inherent in the game. 

Furthermore, communication between the participants and confederates is allowed by the 
use of a standardized questionnaire called The Communication Checklist (CCL; Hokanson et 
al., 1980) to enhance the ecological validity of the game. It is a 24-item inventory which 
measures 6 different types of communication: extrapunitiveness; cooperativeness; 
ingratiation; sadness; blaming partner and helplessness. These experimental settings represent 
daily working situations which require making choices of cooperation and communication 
with colleagues/ strangers on a longer-term basis. In a study using a serotonergic 
antidepressant, Tse and Bond (2003) reported that 2weeks of citalopram treatment 
significantly enhanced cooperative communication and cooperative behaviours in the MMG. 

1 GAZE is calculated by measuring the total duration of eye contact while the subject is speaking divided by the 

total duration of speech (SPEECH). 

2 NOGAZE is calculated by summing the duration of each sentence spoken by the subject during which the subject 

shows no eye contact at all divided by the total duration of speech (SPEECH). 

3 LOOK is calculated by measuring the total duration of eye contact while the confederate is speaking divided by 

the total duration of speech by the confederate. 

4 NOLOOK is calculated by summing the duration of each sentence spoken by the confederate during which the 

subject shows no eye contact at all divided by the total duration of speech by the confederate. 
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Figure 1. The 3 possible pay-off schemes in the Mixed-Motive game. Player 1 (confederate) chooses 
one of the 3 rows, which is indicated by highlighting the row and player 2 (subject) selects one of the 
three panels on the chosen (highlighted) row. 


III) Tangrams Game 

A new method to measure cooperative behaviours has been developed by Knutson et al. 
(1998). They used a standardised dyadic puzzle task called the Tangrams Game (TG) to 
measure three common social behaviours: cooperation, issuing commands and giving a one¬ 
way solution. The authors claimed that the TG can elicit face-valid social behaviours that can 
be reliably measured within the context of a co-operative and dominant interaction. In the TG, 
pairs of subjects were given 10 minutes to combine a set of 7 puzzle pieces into 
configurations that matched as many target shapes as possible (for example, see Figure 2), 
with the rule that only one partner could touch the puzzle pieces at a time. The game 
behaviours of the volunteers were video recorded and then coded into three categories: co¬ 
operation (i.e. making suggestions while a partner handled the puzzle pieces); issuing 
commands; and a one-way solution (i.e. grasping the pieces with the intent of arriving at a 
unilateral solution) by an independent rater. Affiliative behaviour was defined as: cooperation 
- (command + one-way solution). In their study, Knutson et al. (1998) reported that healthy 
volunteers who received a week’s treatment of paroxetine show significantly more affiliative 
behaviour than those who received placebo treatment. However, this enhancement of 
affiliative behaviour was not found after 4 weeks of the treatment. 

IV) Facial Emotion Recognition 

According to his theory of interpersonal behaviour processes, Trower (1980) proposed 
that the perception of a social partner’s emotion is the first important step in determining how 
social behaviours are being expressed. Facial expression is one of the rich and reliable 
sources to detect emotions of social partners. In fact, accurate face perception has an 
important survival value (Ekman, 1993). Healthy people are able to interpret others’ facial 
expressions accurately. This ability has even been found to extend to the assessment of faces 
represented by some cartoon pictures consisting of a dot, stroke and circle, rather than 
photographs of a real human face. On the other hand, depressed patients were not able to 
judge the meaning of these pictures. When they were asked to judge the facial expression of a 
special set of these drawings which had no clear distinct expression of sadness or rejection, 
they rated them to be more sad and rejecting than they actually were (Bouhury, Bloem, and 
Groothuis, 1995). 
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Seven puzzle pieces given to the subject pair. 





Expected answer from the subject pair. 



Figure 2. An example of the Tangrams game. 
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These results confirm that negative cognitions can be influential in the evaluation process 
so that depressed people judge even ambiguous abstract pictures more negatively. 

In a study of the facial emotion recognition effects of an antidepressant, Harmer et al 
(2001) used a computerized morphed face technique to study how common antidepressants 
influence the facial emotion recognition ability of healthy volunteers. Using specialized 
computer software, 7 common facial emotions (sad, fearful, disgusted, angry, happy, 
surprised and neutral) in their full strength (100%) were morphed with a neutral face in 10% 
gradient. Thus, each facial emotion will have 10% gradient of strength of that emotion from 
10% to 100%. These morphed faces are used as the targets in the facial emotion recognition 
task. In the task, each face is shown individually for a period of 250ms on a computer screen 
and participants are asked to identify the faces as quickly as possible by pressing a key 
corresponding to one of the 7 emotions. The computer registers the correct hit, incorrect hits, 
missing responses, reaction time, and types of hit for each face for further analysis. The task 
was found to be sensitive to noradrenaline manipulation (Harmer et al., 2001). 


Ill Evidence to Support the Role of Noradrenaline in 
Interpersonal Functioning 

A. Clinical Study: Global Interpersonal Functioning (SASS Study): 

Reboxetine, was the first antidepressant to be developed to work specifically on 
noradrenaline (Wong et al., 2000). It is a specific noradrenergic reuptake inhibitor (NARI) 
and in a clinical study, it was found to improve the psycho-social functioning of depressed 
patients, as measured by the Social Adaptation Self-evaluation Scale (SASS), more than 
fluoxetine, a specific serotonergic reuptake inhibitor (SSRI) antidepressant (Dubini, Bose, 
and Polin, 1997). It has been suggested that social adaptation as measured on the scale used 
(SASS) is associated with the concept of social motivation (Charles et al., 1999). The 
improvement, thus, appeared to be associated with enhancement of social motivation which 
might be important for the therapeutic recovery process (Hirschfeld, et al., 2000). However, 
the mechanism by which the changes in noradrenaline induced by reboxetine led to 
improvement on the SASS is unknown. 

As pointed out by Healy and Healy (1998), this work was all based on the SASS, a self- 
report scale, and an improvement in self-perceived social motivation is not an objective 
measurement of real behavioural improvement. In our study examining the validity of the 
SASS, however, it was found to relate to observer ratings of social behaviour (Tse and Bond, 
2001). The two participant category ratings were significantly positively related to SASS 
scores, suggesting high social motivation, and the two nonparticipant categories were 
negatively associated with the SASS scores, confirming that poorer levels of interpersonal 
functioning are associated with less adaptive social behaviour. People with higher 
interpersonal functioning are more socially motivated to engage in various social activities, 
e.g. hobbies, contact with friends. However, the enhancement of social activity is only one 
aspect of social motivation. This aspect might not be sufficient to explain the improvement in 
interpersonal functioning. Showing initiative to engage with others in a social circle and co¬ 
operating with them on joint ventures are two other important steps involved in social 
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integration. In behavioural terms, these two steps would mean actions involving a willingness 
to co-operate with others. Previous research using serotonergic antidepressants found that 
both fluoxetine and paroxetine, improved nonverbal behaviours in healthy volunteers (Stager 
et al.; 1995, Knutson et al., 1998). Therefore, noradrenergic antidepressants, such as NARIs, 
may also affect cooperative behaviour which might contribute to improvements in 
interpersonal functioning. 


B. Experimental Study: Facial Emotion Perception Positive Bias in Healthy 
Volunteers 

In a series of studies of the role of noradrenaline on facial emotion recognition, Harmer 
and colleagues conducted a series of experiments to examine how noradreanline influences 
the facial emotion recognition process in healthy volunteers. These well-planned 
psychopharmacological studies examined the effects of a single dose of a beta-adrenoceptor 
antagonist, an acute dose of reboxetine and one week’s administration of reboxeine. 

In the beta-andrenoceptor antagonist study, Harmer et al. (2001) reported that acute 
administration of propranolol significantly increased reaction time to identify sad faces 
compared to placebo in the absence of any subjective mood states changes related to the drug. 
Yet, recognition of fearful faces was not affected by the treatment. This enhancement 
provided partial support that reduction of noradrenergic transmission increases negative bias 
to process negative information. 

In the acute dose of reboxetine study, Harmer et al. (2003) reported that healthy 
volunteers who received reboxetine treatment correctly identified happy faces at lower 
intensity significantly more than those who received placebo. However, reboxetine effects on 
the enhancement of identification were not observed in happy faces with higher intensity. In 
the 7-day reboxetine treatment study, Harmer et al. (2004) found that healthy volunteers who 
received reboxetine showed decreased recognition of fearful and angry faces as compared to 
those who received placebo. This reduction was not related to subjective mood improvement. 
In contrast to the previous findings, repeated doses of reboxetine did not facilitate the 
recognition of the happy faces. Harmer et al. (2003; 2004) interpreted these findings as a 
reboxetine enhancement of positive information processing which is important for the 
therapeutic effects of an antidepressant. This helps depressed patients to process negative 
information in a more positive light. 

To further confirm the mechanism of the positive information processing bias produced 
by reboxetine, Norbury et al. (2007) employed functional magnetic resonance imaging 
(fMRI) technique to search for changes in neural activation in the facial emotion recognition 
task related to 7 days reboxetine treatment. In this study, two different types of facial 
recognition task were employed: covert and overt. In the covert facial recognition task, the 
target faces were presented for 17ms and masked by neutral faces which were presented for 
183ms. In the overt facial recognition task, the faces were presented for 200ms with no mask. 
They found that healthy volunteers who received 7 day’s reboxetine treatment showed 
increased right fusiform activation in response to covert happy faces. This is opposite to the 
observation in depressed patients who showed a reduction in right fusiform activation to 
happy faces (Surguladze et al., 2005). These findings together with those reported by Harmer 
et al. (2003, 2004) suggest that enhancement of positive information processing would be an 
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important therapeutic mechanism for noradrenergic antidepressants. This mechanism is 
comparable to those involved in cognitive behavioural therapy which has been shown to 
facilitate positive information processing. 

Thinking positively might be important for the readiness to make an amicable response in 
ambiguous social situations where very little social information is available and a response 
has to be made quickly. The initial positive social behaviours could help to engender positive 
relationships with others and promote social bonding. This would help someone to start out 
with a positive relationship as well as maintain already existing relationships by reducing 
unnecessary conflicts with others. 


C. Experimental Study: Cooperative and Dominant Behaviours in Healthy 
Volunteers 

Inspired by the work of Dubini et al. (1997), we investigated the role of noradrenaline on 
human social behaviours. We hypothesized that enhancement of noradrenaline transmission 
by reboxeine would increase cooperative behaviours. In addition, based on the work of 
animal studies, subordinate status in animals like rats and monkey can be seen as an analogue 
of depression in humans. Subordinate animals show submissive behaviors more often and 
they also show symptoms of depression like higher cortisol levels, sleeping difficulties and 
weight loss. Submissive behaviours have been related to brain serotonin levels. Furthermore, 
antidepressant treatments have been shown to enhance the dominant status of previously 
subordinate animals. Therefore, we hypothesized that 2 weeks of reboxetine treatment would 
increase dominant behaviours in human subjects. Three experiments were set up: (1) an acute 
dose of reboxetine and (2) 2 weeks’ treatment with reboxetine using the stranger dyadic 
interaction. These two experiments aimed to examine how enhancement of noradrenergic 
transmission might influence cooperative behaviour and other social behaviours related to 
interpersonal functioning. These two experiments focused on participants’ interactions when 
meeting with strangers. They might behave differently when meeting with a familiar friend. 
Thus, the third experiment was developed to examine how 2 weeks’ reboxetine treatment 
would influence the interpersonal behaviours of participants when they met their flatmate to 
play a cooperative game TG,. 

In the acute dose of reboxetine study, Tse and Bond (2002) reported that healthy 
volunteers who received reboxetine treatment sent significantly more cooperative messages as 
measured by the CCL and they also played an interactive game (MMG) more co-operatively. 
This indicates prosocial effects. Furthermore, they reduced hand fiddling during the stranger 
dyadic interaction. This effect might be related to the reduction of self-focussed attention, 
enhancement of attention to their social partners and increased engagement with others. This 
hypothesis is consistent with the effects of noradrenaline suggested by Coccaro and Siever 
(1995) and Healy and McMonagle (1997). The social behavioural changes were independent 
from moods state changes as reboxetine treatment was not found to have significant effects on 
the mood states of the participants. 

The effects of repeated doses of reboxetine varied with the situation encountered. In the 
stranger dyadic situation, after receiving 2 weeks’ reboxetine, participants showed reductions 
in eye contact made with the confederate in the dyadic interaction and gave significantly 
fewer helplessness messages as measured by the CCL during the MMG compared to placebo 
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(Tse and Bond, 2003). The participants were also rated to be more passive nonparticipant in 
the 2DSIS by observers. The reduction of eye contact suggested that participants were trying 
to avoid any potential social confrontation or conflict at first meeting and they were viewed as 
more passive and uninvolved by an observer. However, they increased their confidence on the 
game by giving fewer helplessness messages. Thus, this could be a strategy to form new 
relationships. 

In everyday interactions with their flatmates, the effects of 2 weeks’ treatment with 
reboxetine on social behaviours were different from those found in the stranger dyadic 
interaction. It was found that participants on reboxetine were rated to be less submissive on 
the IMI and as more passive participant on the 2DSIS by their flatmates (Tse and Bond, 
2003). They were generally viewed more positively when on reboxetine and the treatment 
seemed to result in an enhancement of an already existing friendship. Thus, reboxetine 
seemed to help both the development and consolidation of social bonds via changes in social 
behaviours. 

Using a different method of measuring social behaviour with a flatmate, Tse and Bond 
(2006) reported that after receiving 2 weeks’ reboxetine, participants issued significantly 
more commands to their flatmates in a cooperative game (TG) than when they received 
placebo treatment. This interaction reveals that reboxetine can enhance assertive social 
behaviour with a familiar person which would not be expressed in the stranger dyadic 
interaction. Meeting a stranger might inhibit the expression of assertive behaviours to avoid 
rejection. However, the expression of assertive behavior to their flatmates was not associated 
with enhancement of aggression which could lead to poor social relationships. Enhancement 
of assertiveness might help to improve the unbalanced social hierarchy in groups and promote 
positive dominant status. Furthermore, acting assertively implies higher self-esteem. People 
with higher self-esteem are more likely to be able to deal with challenges, take responsibility 
for their actions and less likely to blame others which promotes the development of social 
relationships. 

Volunteers treated with reboxetine might be more co-operative and submissive to 
strangers which might help them to get on with people who are not known to them. . Social 
behaviour after reboxetine treatment could therefore be constructive to friendship 
development. The failure of 2 weeks’ reboxetine treatment to increase co-operative social 
behaviour on the Mixed-Motive game might lie in the fact that the difference between the 
points which the subjects awarded to themselves and to the confederate was very small. In the 
repeated dose reboxetine study, the subjects awarded the confederate more after both placebo 
and reboxetine. The subjects in this study therefore appear to be very co-operative, 
irrespective of treatment. 

After reboxetine treatment, the participants displayed both more co-operative and 
assertive behaviour towards their flatmates. An increase in assertiveness together with co¬ 
operativeness might relate to an increase in both self-confidence and self-expression, which 
might lead to more positive social communication. An increase in co-operation, in particular, 
might result in more positive social interaction and encouragement to the other person 
resulting in a better relationship. Anderson and Martin (1995) found that people with both a 
high assertive and a high responsive communication style communicated more for affection, 
inclusion and pleasure than those whose style was high assertive but low responsive. Thus, 
this distinctive social behaviour pattern after reboxetine treatment might be expected to lead 
to better interpersonal functioning. 
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Conclusion 

The psychopharmacological study of the role of noradrenaline in interpersonal 
functioning is still in its early development. Few attempts have been made previously to try 
and discover noradrenergic functions in interpersonal behaviour, and so information 
regarding to its role is very limited. This is partly due to the limited research tools, with 
regard to both measures of social behaviour and noradrenergic manipulation, available for the 
study of interpersonal functioning. There are only a few suitable self-report questionnaires to 
measure interpersonal functioning and behaviours as described earlier in this chapter. 
Paradigms to study interpersonal behaviours and facial recognition provide objective 
measures of the acute and longer term effects of noradrenaline enhancement. These are 
complementary to the self-report measurements and enable a fuller description of the role of 
noradrenaline in interpersonal functioning. 

Although more psychopharmacological studies should be conducted to examine how 
noradrenaline regulates interpersonal functioning, this is also restricted by the 
pharmacological manipulations available. There is only few commercially available 
noradrenaline reuptake inhibitor which is specific enough to target only noradrenaline 
activity. When trying to lower noradrenaline levels, a drink containing specifically selected 
amino acids not only lowers noradrenaline, but also dopamine. Therefore, any observable 
effects of lowering noradrenaline on interpersonal functioning might also be due to the 
reduced levels of dopamine. 

Despite these limitations, the present chapter has summarized the key results regarding 
the role of noradrenaline on interpersonal functioning. In a clinical study, it was found that 
selective noradrenergic antidepressant treatment improved global interpersonal functioning as 
measured by the SASS significantly more than a selective serotonergic antidepressant. In 
experimental studies conducted with healthy participants, reboxetine treatment improved 
positive bias in facial emotion recognition and enhanced social cooperative and dominant 
behaviours. These results are complementary to those observed in the clinical studies and 
therefore, suggest that noradrenaline plays an important role in the promotion of affiliative 
behaviours related to interpersonal functioning. 
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I. Abstract 

There are number of lines of evidence that the neurotransmitter norepinephrine (NE) 
might be very important in pathophysiology of anxiety and mood disorders. Firstly, NE 
projections innervate the limbic system, suggesting the involvement of NE in the 
regulation of emotions and cognition. Secondly, NE interacts with serotonin (5-HT) and 
dopamine (DA) systems, which also play very important roles in the regulation of mood. 
Thirdly, it has been shown that various agents for increasing NE availability, such as NE 
reuptake inhibitors, are also effective antidepressant drugs. And fourthly, the depletion of 
NE can result in the relapse of depression after successful treatment with antidepressant 
drugs. All these pieces of evidence suggest that the stimulation of NE transmission can be 
beneficial in the treatment of affective disorders. However, different psychiatric 
medications have distant effects on NE transmission. The current chapter analyses the 
effect of psychiatric medications on NE system and proposes how the treatment outcome 
might be improved. 


II. Introduction 

a. Neurotransmitter Norepinephrine 

Norepinephrine, together with epinephrine and dopamine (DA), belongs to the 
catecholamine family of hormones and neurotransmitters. DA is synthesized in all 
catecholamine neurons by decarboxylation of levodopa. This process is catalyzed by aromatic 
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amino acid decarboxylase and requires the presence of pyridoxal phosphate. Levodopa itself 
is synthesized by oxidation of the amino acid tyrosine. This oxidation is a rate-limited process 
and it is catalyzed by tyrosine hydroxylase. In the NE-releasing neurons (spinal neurons of 
the autonomic system, sympathetic ganglia neurons and brain NE neurons), the enzyme DA 
beta hydroxylase turns DA into NE. This process requires vitamin C as a cofactor. In the 
sympathetic ganglia neurons, and especially in the epinephrine-secreting cells of adrenal 
medulla, NE is partially transformed into epinephrine. This transformation is performed by 
the enzyme phenylethanolamine N-methyltransferase (PNMT) (Kandel et al., 2000). 

NE molecules are made inside into synaptic vesicles by the vesicular monoamine 
transporter (VMAT). This transport is an active, adenosine triphosphate (ATP)-requiring 
process. VMAT also transports DA, epinephrine and serotonin (5-HT). These hormones and 
transmitters are so-called monoamines (MO). Certain drugs, such as reserpine and 
tetrabenazine, inhibit the VMAT and suppress vesicular MO storage (Reinhard et al., 1988; 
Russo et al., 1994). 
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Figure 1. Norepinephrine synapse. Published with permission of Lundbeck Institute. 
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Neuronal action potentials (APs), when they arrive to the nerve terminal, stimulate the 
fusion of the synaptic vesicles with the cellular membrane, and NE is released into the 
synaptic space. Certain compounds, such as methamphetamines or bupropion, increase NE 
release via an AP-independent release mechanism (Dong and Blier 2001; Piacentini et ah, 
2003). 

NE molecules released into the synaptic space are reabsorbed back into the presynaptic 
neuron by the membrane NE transporter (NET). This process requires ATP. The NET is a 
target for numerous drugs. Several tricyclic antidepressants (TCA), such as imipramine, non- 
specifically inhibit both NET and 5-HT (5-HTT) transporters (Corrodi and Fuxe 1968). Other 
TCAs, called norepinephrine reuptake inhibitors (NRIs), such as desipramine, specifically 
inhibit the NET (Curet et al., 1992; Lacroix et al., 1991). There are also non-tricyclic selective 
inhibitors of the NET, called selective norepinephrine reuptake inhibitors (SNeRIs), and dual 
inhibitors of the NET and 5-HTT (SNRIs). The examples for SneRIs and SNRIs are 
reboxetine and venlafaxine, respectively (Beique et al., 1998a; Beique et al., 1998b; Beique et 
al., 1999; Dawson et al., 1999; Szabo and Blier 2001c). 

After reuptake of it NE is stored again or it is degraded. The major metabolic pathway of 
NE is its oxidation into 3,4-dihydroxymandelic acid by the type A of the enzyme monoamine 
oxidize (MAO). Numerous drugs have MAO as their primary target. Their can be divided into 
two groups: non-reversible MAO inhibitors (MAOIs) and reversible MAO inhibitors 
(RIMAs). Respective examples for these groups are phenelzine and moclobemide (Blier and 
de Montigny 1985; Blier et al., 1986). 

The storage, reuptake and release of norepinephrine are shown in Figures 1 and 2. Table 1 
summarizes the effect of various drugs on the reuptake and release of norepinephrine. 


b. Noradrenergic System 

There are several nuclei containing NE neurons in the pons and medulla oblongata (Figures 3). 
The NE neurons of medulla oblongata are situated in the caudal raphe nuclei and project to the spinal 
cord (Al, A5 and A7 cell groups in rat) and hypothalamus (A2 group). These NE pathways regulate 
mostly sensory, motor and autonomic functions. The NE neurons of the pons are concentrated in the 
area called locus coemleus (LC, A6 in rat). The NE system of the LC plays an important role in the 
regulation of sensory, motor, neuroendocrine, and cognitive functions of the brain (Bouret and Sara 
2005; Kandel et al., 2000; Kieman and Barr 1998). In the current chapter only the NE system of LC 
will be discussed. 

LC consists mostly of NE neurons. However, y-aminobutyric acid (GABA)-secreting 
neurons are also found in the peripheries of the LC (Iijima and Ohtomo 1988). The NE 
neurons of LC have local and distant afferent and efferent connections. The local bilateral 
connections of LC arrive from and project to the GABA cells of periaqueductal gray (PAG) 
and acetylcholine (ACH) neurons of pontomesencephalic tegmentum (PMT) (Jones, 1991). 

The major distant afferents to the LC arrive from the brainstem (nucleus 
paragigantocellularis, PGI) and telencephalon (central nucleus of amygdala, CEA, and 
prefrontal cortex, PFC). The efferents of the LC innervate literally all areas of the central 
neural system (CNS). The majority of the fibers, however, project to the hippocampus, 
dentate gyrus (DG), prefrontal cortex (PFC) and basolateral nucleus of amygdala (BLA) 
(Bouret and Sara 2005; Kandel et al., 2000; Kieman and Barr 1998). 
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Figure 2. Reuptake of norepinephrine. Published with permission of Lundbeck Institute. 
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Table 1: Drugs affecting the storage, release, reuptake, autoregulation and metabolism 
of norepinephrine. (j), inhibitory effect; (t), excitatory effect. 
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Figure 3. Norepinephrine pathways of human brain. Published with permission of Lundbeck Institute. 
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Figure 4. Mechanism of action of an antagonist of a 2 -adrenoceptors. Published with permission of 
Lundbeck Institute. 


c. Noradrenergic Receptors 

All receptors for NE (adrenoceptors) are G-protein-coupled metabotropic receptors. 
However, they vary by their location (presynaptic autoreceptors and post-synaptic 
hetreroreceptors), pharmacology (three families a i? a 2 and p with three subtypes in each 
family oiia/b/d ? o^a/b/d and pi/2/3), signal transduction (Gqn-ai family, Gi-a 2 , and G s -P), and 
physiology (excitatory of inhibitory effect on the postsynaptic neuron). 

The only inhibitory adrenoceptors and only that are located on both pre- and post¬ 
synaptic neurons are a 2 -adrenoceptors. These receptors are coupled to the Gi protein. Their 
activation results in Gi a dissociation into the Gi a and Gip r Gi a deactivates adenylyl cyclase 
(AC) and sodium (Ca 2+ ) channels, while Gip y opens potassium (K + ) channels. An increase in 
K + - and decrease in Ca 2+ -influx leads to hyperpolarisation. This decreases the rate of AP 
firing and inhibits NE release. The mechanism of action of a 2 -adrenoceptors is shown in 
Figure 4. 

Both ai and P adrenoceptors are postsynaptic excitatory heteroreceptors. Their action is 
mediated via the activation of Ca 2+ current. However, different mechanisms are involved: Gq- 
mediated phospholipase C (PLC) activation and G s -mediated AC stimulation, respectively 
(Kandel et al., 2000). When they present on glutamate pyramidal neurons, p-adrenoceptors 
receptors decrease the Ca 2+ -activated after-hyperpolarization K + influx, making the neurons 
more responsive for excitatory inputs. The ai adrenoceptors, however, increase membrane 
conductance and make the pyramidal cells less excitable (Devilbiss and Waterhouse 2000). 
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d. Norepinephrine Neurons 

NE neurons express mixed tonic/phasic firing activity. The firing rate is approximately 2 
Hertz and it remains relatively constant. Short bursts containing two or three APs occur with a 
periodicity of one or two per minute (Figures 5) (Aghajanian and Vandermaelen 1982; 
Dremencov et al., 2007a; Dremencov et al., 2007c). The firing activity of NE neurons is auto- 
regulated as well as controlled by other transmitters. In the LC, NE the activation of 012 
adrenergic autoreceptors by NE suppresses the firing activity of NE neurons. In the nerve- 
terminal level, the activation a 2 adrenoceptors attenuates NE release without suppression of 
the firing activity (Mongeau et al., 1993). 

The a 2 adrenoceptors are target for several drugs. Several of them, such as idozaxan, are 
selective antagonists of 012 -adrenoceptors. Others, such as mirtzapine, risperidone and 
paliperidone, antagonize 012 -adrenoceptors together with other receptors: ai adrenoceptors 
and 5-HT 2 a/2c serotonergic receptors (Dremencov et al., 2007c; Haddjeri et al., 1995; 
Haddjeri et al., 1996; Richelson and Souder 2000). The mechanism of action of an antagonist 
of 012 -adrenoceptors is presented in Figure 5. 

NE neuronal firing activity is controlled by GABA and glutamate. GABA input to the NE 
neurons comes from both local (LC) and distant (such as PAG) neurons. GABA inhibits the 
firing activity of NE neurons via a GABA a receptor-mediated mechanism. The distant 
afferent inputs into the LC (PGI, CEA and PFC) are exclusively glutamatergic. Glutamate 
increases the firing activity of NE neurons (Torrecilla et al., 2007). 

The firing activity of NE neurons is negatively regulated by 5-HT and DA. The effect of 
5-HT on NE neuronal firing activity is mediated via the 5 -HT 2 a and 5 -HTi A receptors. The 
5-HT 2A receptors are situated on GABA neurons projecting to the LC. The 5 -HTi A receptors 
are located on the nerve terminals of glutamate afferents (Szabo and Blier 2001b; Szabo and 
Blier 2002b). Their activation results in an increase of GABA and in a decrease of glutamate 
influx into the LC (Figure 6) and in inhibition of firing activity of NE neurons (Dremencov et 
al., 2007a; Dremencov et al., 2007c; Szabo et al., 1999; Szabo and Blier 2001a; Szabo and 
Blier 2001a; Szabo and Blier 2001c). 

Similarly to NE, DA also suppresses the firing activity of NE neurons, via the D 2 - 
receptor mediated mechanism. NE however has different effects on the firing activity of 5-HT 
and DA neurons: the decrease in the brain NE followed by an increase of activity of DA 
neurons and by suppression of firing of 5-HT neurons (Guiard et al., 2008). Figure 7 
summarizes the reciprocal interactions between NE, 5-HT and DA systems. 


III. Role of Norepinephrine in Mood and Cognition 

a. Pain and Nociception 

The NE system plays an important role in the perception, modulation, and response to the 
pain. Nociceptive stimuli arrive into the LC via the PGI pathway. NE neurons respond to the 
nociceptive stimuli by burst firing followed by silence (Dremencov et al., 2007a; Dremencov 
et al., 2007c; Szabo and Blier 2001b; Szabo and Blier 2001d; Szabo and Blier 2001g; Szabo 



52 


Eliyahu 


and Blier 2002a). The burst firing of NE results in an increase in NE releases (Sajedianfard et 
al., 2005). 



A. Normal firing of a norepinephrine neuron 
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B. Firing of a norepinephrine neuron inhibited by serotonin 

Figure 5. The effect of the selective serotonin reuptake inhibitor, escitalopram, on firing activity of 
norepinephrine neurons. Norepinephrine neurons exhibit tonic-phasic firing activity of 1.5-3.0 Hz, with 
small (2-3/min) number of short burst (*). Escitalopram inhibits the firing activity of norepinephrine 


neurons. 
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Figure 6. Mechanism of serotonin-induced inhibition of firing activity of norepinephrine neurons. 
Serotonin increases the GABA and decrease glutamate influx into the locus coeruleus, via 5-HT2A and 
5-HT1A receptor-mediated mechanisms, respectively. This increase in GABA and decrease in 
glutamate influx results in the inhibition of firing activity of norepinephrine neurons. Published with 
permission of Pierre Blier, M.D., Ph.D., University of Ottawa Institute of Mental Health Research. 
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Figure 7. Functional interactions between norepinephrine, serotonin and dopamine systems. Published 
with permission of Pierre Blier, M.D., Ph.D., University of Ottawa Institute of Mental Health Research. 
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The role of the NE system in pain response involves both the direct anti-nociception and 
the triggering on behavioral response to the pain as to an aversive event. The first is probably 
mediated via the NE efferents descending to the brain steam and spinal cord (Clark and 
Proudfit 1991a; Clark and Proudfit 1991b; Clark and Proudfit 1991c; Clark et ah, 1991; 
Proudfit and Clark 1991). The second might be a function of the reciprocal LC-amygdala 
network. 

The involvement of NE in pain modulation has been demonstrated in several studies. 
Thus, electrical stimulation of LC or its spinal cord-projecting efferents induces an anti¬ 
nociceptive effect in rats (West et al., 1993; Yeomans et al., 1992). Paradoxically, lesioning 
of NE neurons is also increases the pain threshold (Hammond and Proudfit 1980). Other 
studies demonstrated as well that NE can either enhance or suppress nociception in the spinal 
cord and brainstem levels. It has, therefore, been suggested that different receptors mediate 
nociceptive and anti-nociceptive effects of NE. Pain stimulation is probably mediated via the 
ai-, and pain suppression via 012 -adrenoceptors (Wei and Pertovaara 2006). Inflammation and 
sustained pain induce an increase in 012 -and a decrease in ai-mediated NE transmission in the 
spinal cord. Thus, NE probably increases the sensitivity to acute pain and decreases it to 
chronic pain. 


b. Emotions 

NE transmission is fundamental in emotions, and in particular in fear and anxiety. 
Numerous animal and human studies support this paradigm. For example, exposure of rats to 
stressful stimuli increases NE release in various areas of brain, such as hypothalamus, stria 
terminalis, and supraoptic nucleus (Fendt et al., 2005; Onaka et al., 2003; Otagiri et al., 2000; 
Shekhar et al., 1994; Shekhar et al., 2002; Shimizu et al., 1990; Tanaka, 1999; Yokoo et al., 
1990a; Yokoo et al., 1990b). This response, however, desensitizes shortly when the stressful 
stimuli is repeated (Hajos-Korcsok et al., 2003). Neuroimaging studies in human subjects 
demonstrated that aversive emotional stimuli activate amygdala via a p-adrenoceptor- 
mediated mechanism (van Stegeren, 2008a). Another study demonstrates that increase in 
brain NE reduces the taste threshold in humans, which indicates induction of anxiety (Heath 
et al., 2006). 

Stress-related stimuli probably trigger NE neuronal activity, via the amygdala and PFC 
afferents. The activation of NE neurons results in an increase in NE transmission in the 
hypothalamus and limbic system. The increase in NE levels in hypothalamus results in 
activation of hypothalamus-hypophysis-adrenal (HPA) axis, via a p-adrenergic receptor- 
mediated mechanism. An increase in NE in the limbic system stimulates neuronal activity of 
glutamatergic pyramidal neurons and decreases the firing of GABA basket intemeurons, via 
oi 2 - and p-adrenergic mechanisms, respectively. 

NE-induced activation of the amygdala is probably involved in the emotional response to 
stress which includes behavior inhibition and freezing awareness. NE activation of 
hippocampus and PFC mediates the behavioral response to stress and danger. This response 
includes awareness, attention and activity. 

Somewhat similar to the dual involvement of NE in the modulation of pain, this 
transmitter also paradoxically increases response to acute stress but decrease it to the chronic. 
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This different effect on acute and chronic aversions increases the behavioral adaptation to the 
changing environmental conditions. 


c. Cognition 

NE system plays an important role in various cognitive functions: attention, 
concentration, consolidation and retrieval of memory (Berridge and Waterhouse 2003; 
Harley, 2004; van der Meulen et ah, 2007). Studies in human and animal subjects 
demonstrated that proper NE function is critical for the spatial working memory (Rossetti and 
Carboni 2005). In rodents, NE plays an important role in the olfactory memory (Veyrac et al., 

2007) . NA reuptake inhibition improves the learning and behavior flexibility (Seu et al., 

2008) . In humans, blocking of p 2 -adrenoceptor-mediated cortical transmission suppress the 
numerical memory performance (Muller et al., 2005). On the other hand, there is an increase 
in cortical NE during the spatial memory performance. There is also evidence for a critical 
role of cortical a 2 -adrenoceptors in memory and cognition (Coull, 1994; Matthews et al., 
2002 ). 

There are contradictory reports regarding the role of NE in probabilistic learning and 
decision making. Several suggest that the NE system involved in decision making (Cohen and 
Aston-Jones 2005; Nieuwenhuis et al., 2005). However, other studies propose that 5-HT and 
DA mediate the estimation of probability and decision making rather than NE (Chamberlain 
et al., 2006). Its was also suggested that NE trigger on the formation and deformation of 
synchronized activity networks in the PFC. This effect of NE is probably mediated via the p 2 - 
adrenergic receptor-mediated mechanism and mediates behavior adaptation and flexibility 
(Aston-Jones and Cohen 2005a; Aston-Jones and Cohen 2005b; Bouret and Sara 2005). 

Several studies postulate that NE plays a central role in consolidation and retrieval of 
stress-related memory (Hurlemann et al., 2005; Mueller et al., 2008a; Ouyang and Thomas 
2005; van Stegeren, 2008b). The role of this activity is fear conditioning and extinction. 
These behavioral effects of NE are probably mediated via hippocampal p 2 and a 2 receptors, 
respectively (Davies et al., 2004; Garelick and Storm 2005). NE pathways and their role in 
nociception, emotions, cognition and behavior are summarized in table 2. 

NE is fundamental in human attention and concentration. It has been demonstrated that 
idozaxan increase the attention in healthy volunteers (Smith et al., 1992). To contrasy, the 
administration of a 2 -adrenergic agonist clonidine results in attention lapses in humans. These 
clonidine-induced attention difficulties can be reversed by idozaxan (Smith and Nutt 1996). 


IV. Norepinephrine and Affective Disorders 

a. Stress and Anxiety Disorders 

The important role of NE in stress response suggests that this transmitter might be 
involved in anxiety disorders (van Stegeren, 2008a). An increased feeling of fear might be 
explained by hyper-functionality of the NE system, especially in the amygdala (van Stegeren 
et al., 2008). On the other hand, NE system of the hippocampus mediates fear extinction. 
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Pathological inability to forget aversive events may be therefore explained by reduced NE 
transmission in the PFC (Mueller et ah, 2008b). Therefore, the NE system might playan 
important role in the pathology of generalized anxiety disorder (GAD), panic disorder (PD) 
and post-traumatic stress disorder (PTSD). However, different NE pathways may be involved. 

Table 2. Norepinephrine pathways, their targets and functions. 


Target of 
pathway 

Receptor 

Physiological effect 

Behavioral function 

Brain steam 

Oti 

Excitation 

Nociception (acute pain) 

and spinal cord 

a 2 

Inhibition 

Anti-nociception (chronic pain) 

Hypothalamus 

a 2 

Activation of HPA axis 

Neuroendocrine response to the 
stress 

Amygdala 

pi 

Excitation 

Fear feeling 

Hippocampus 

Pi, P 2 

a 2 

Excitation of pyramidal 
neurons. Induction of LTP. 
Inhibition of GABA basket 
cells 

Emotional memory. Fear 
conditioning and extinction. 

Prefrontal 

pi 

Excitation of pyramidal 

General activity, cognition, 

cortex 


neurons. 

behavior flexibility, attention, 


a 2 

Inhibition of GABA basket 
cells 

concentration 


Several studies demonstrated that anxiety disorders correlate with changes of NE activity. 
Fox example, GAD and melancholia are associated with increased plasma NE concentration. 
Clonidine challenge test studies demonstrated that anxiety associated with decreased activity 
of 012 -adrenergic autoreceptors, suggesting increased NE transmission. And indeed, increased 
plasma NE levels were observed in patients with anxiety and melancholia (Nutt, 2001). 

On the other side, PTSD does not correlate with an increase in basal NE transmission. 
However, robust increase in plasma concentrations of NE and its metabolites in PTSD 
patients are observed after their re-exposure to the traumatic contents. The administration of 
an a 2 -adrenoceptor antagonist, yohimbine, resulted in a panic attack in PTSD patients. These 
observations suggest that an increased NE tone is involved in acute anxiety and panic attack, 
rather than in the cognitive aspect of PTSD. Further imaging studies are required to study the 
role of the hippocampal and/or cortical NE system in neuropathology of PTSD (Newport and 
Nemeroff 2000). 


b. Unipolar Depression and Bipolar Disorder 

The NE system is involved in the feeling of energy, fear regulation, general activity, 
memory and cognition. It is therefore likely that NE is involved in depressive disorder, and in 
particular in anhedonia, reduced activity and cognition, and in increased anxiety observed in 
depressed patients. Increased nociception and chronic pain in depression may also be caused, 
at least in part, by impaired NE transmission (Nutt et al., 2006; Nutt, 2006; Strittmatter et al., 
2005). 
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Indeed, there is a correlation between impaired NE transmission and depressive behavior. 
Postmortem studies demonstrated increased NE levels in the brains of unipolar and bipolar 
suicide victims (Juckel et ah, 2000; Wiste et ah, 2008). One positron emission tomography 
(PET) study suggested that depressive patients have an increased activity of MAO-A, which 
might result in reduced catecholamine levels (Meyer et al., 2006). Another imaging study 
showed correlation between the degree of loss of limbic NE innervation and severity of 
depressive symptoms in Parkinson patients (Brooks and Piccini 2006; Remy et al., 2005). 

Contrary to depression, the manic stage of bipolar disorder is characterized by increased 
energy and activity. Since the activity and energy feeling mediated by NE, an increase in NE 
transmission might contribute to manic behavior. Indeed, it has been reported that increased 
urine NE levels follow the manic episode of bipolar illness (Juckel et al., 2000; Nutt, 2006). 

Based on the evidences, mentioned above, it can be concluded that NE is involved in 
both depression and mania. This involvement is based, at least in part, on the role of NE in 
the mediation of energy and activity. Decreased activity in depression might results from 
attenuation in NE transmission, and manic hyperactivity from an increase in NE tone. 


V. Effect of Psychiatric Drugs on Noradrenergic System 

a. Antidepressant Drugs 

There is only one antidepressant drug (AD) that stimulates the firing of NE neurons. This 
is the noradrenergic and specific serotonregic antidepressant (NaSSA) mirtazapine. It 
increases NE neuronal firing activity using the blocking of a 2 -adrenergic autoreceptors 
(Haddjeri et al., 1996). Other ADs inhibit the firing of NE neurons, via an a 2 -adrenergic 
and/or 5 -HT 2 a receptor-mediated pathway. Catecholamine-acting ADs, such as NaRIs, 
SNRIs, desipramine or bupropion, elevate the extracellular NE levels in the brain via either 
reuptake inhibition or release stimulation (Fernandez-Pastor et al., 2005; Li et al., 2002; 
Parini et al., 2005; Piacentini et al., 2003; Sacchetti et al., 1999). This increase results in the 
activation of a 2 -adrenergic autoreceptors, which leads to the activation of a 2 -autoreceptors to 
the inhibition of firing of NE neurons (Curet et al., 1992; Szabo and Blier 2001d). 

The 5-HT acting ADs, such as SSRIs or MAOIs, elevate extracellular 5-HT levels in the 
brain (Mork et al., 2003; Tao et al., 2000). This increase in 5-HT levels results in the 
activation of GABA neurons, via the 5-TH 2A receptor-mediated mechanism. The increase in 
GABA levels in the LC results in inhibition of NE neuronal firing activity, via a GABA a 
receptor-mediated mechanism (Figure 6; Szabo and Blier 200le; Szabo and Blier 2002a). 

The inhibition of firing of NE neurons, produced by catecholamine-acting ADs, appears 
after sub-acute or chronic administration of these ADs (Curet et al., 1992; Szabo and Blier 
200Id). The 5-HT acting ADs inhibit NE neurons only after chronic administration 
(Dremencov et al., 2007c; Szabo and Blier 2001f; Szabo and Blier 2001h). This is due to the 
time course needed to achieve a robust and permanent increase in 5-HT levels in the nerve- 
terminal level of 5-HT neurons (Mongeau et al., 1997; Pineyro and Blier 1999). However, the 
SSRI escitalopram inhibits the NE neuronal firing activity after three-day administration only 
(Fig.5) (Dremencov et al., 2007a; Dremencov et al., 2007c). This rapid effect of escitalopram 
might be explained by its high selectivity and effectiveness as a 5-HT reuptake inhibitor, in 
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comparison to other SSRIs (Dremencov et al., 2007c; El Mansari et al., 2005; Hyttel, 1982; 
Mork et al., 2003; Tatsumi et al., 1997). 

In contrast to the AD-induced inhibition of 5-HT neurons, which recovers after prolonged 
administration of an AD, the AD-induced inhibition of NE neurons does not recover over 
time (Dremencov et al., 2007a; Dremencov et al., 2007c; Mongeau et al., 1997; Parini et al., 
2005; Sacchetti et al., 1999; Szabo et al., 2000; Szabo and Blier 200If). This AD-induced 
inhibition of NE neurons can be reversed by the antagonists of either a 2 -adrenergic and 5- 
HT 2 a receptors in the LC and related areas (Dremencov et al., 2007a; Dremencov et al., 
2007c). However, chronic administration of idozaxan or of the SSRI sertaline results in the 
desensitization of a 2 -adrenergic autoreceptors in the rat PFC (Thomas et al., 1994; Thomas et 
al., 1998). This desensitization might explain the increase in NE levels in the rat PFC after 
chronic sertaline (Thomas et al., 1998). 

The beneficial effect of mirtazapine in the treatment of depression might be explained by 
its a 2 -adrenoceptor antagonistic property. Bupropion and desipramine might be also 
beneficial in depression because of their ability to increase extracellular NE levels 
(Fernandez-Pastor et al., 2005; Li et al., 2002; Parini et al., 2005; Sacchetti et al., 1999). The 
beneficial effect of NE in depression can be explained by the excitatory effect of NE on 5-HT 
neurotransmission and by the direct involvement of NE transmission in anxiety, energy 
feeling and motivation (Guiard et al., 2008; Stahl, 2000). 


b. Mood Stabilizers and Atypical Antipsychotic Drugs 

Lithium (Li) is a common mood stabilizer and it used in the treatment of bipolar disorder. 
There are numerous evidences that the therapeutic effect of Li is mediated via an inositol 
triphosphate (IP 3 ) and protein kynase C (PKC)-mediated mechanism (Amsten, 2008). Since 
the IP 3 and PKC are involved the signal transduction pathway of a 1 -adrenoceptors, it is 
possible that there receptor are target of Li treatment. Indeed, it has been observed that 
chronic Li suppress the al-mediated IP 3 formation and PKC activation. It has been also 
observed that chronic Li deregulates ai, a 2 and p-adrenoceptors in the brain (Devaki et al., 
2006). 

It has been observed that Li potentiates the SSRI milnacipran-induced elevation of 
extracellular NE levels in the rat PFC (Kitaichi et al., 2005). However, several studies suggest 
that Li might decrease the NE transmission when it is given alone. Chronic Li decreases the 
cAMP response to NE administration (Masana et al., 1991). Another study demonstrated that 
iontophoretic administration of Li antagonizes the action of NE on rat PFC neurons (Kovacs 
and Hernadi 2002). Based on the hypothesis that increased NE transmission is involved in 
manic episodes, it can be suggested that anti-manic effect of Li ix explained by its 
suppressive effect on the NE system. 

Atypical antipsychotic drugs (AADs), in addition to their application as a first-line 
treatment in schizophrenia, are also effective mood stabilizers. AADs are successfully used in 
unipolar and bipolar mood disorders, either as solo treatment or as adjuncts to SSRIs (Blier et 
al., 2005; Kennedy et al., 2001; Kennedy and Lam 2003; Papakostas et al., 2007; Simon and 
Nemeroff 2005; Tremblay and Blier 2006; Uzun et al., 2005). It has been suggested that the 
beneficial effect of AADs as adjuncts to SSRIs is explained, at least in part, by their ability to 
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reverse the SSRI-induced inhibition of NE neuronal firing activity in the LC (Blier and Szabo 
2005; Dremencov et ah, 2007a; Dremencov et ah, 2007b). The SSRI-induced inhibition of 
NE neuronal firing activity is mediated via 5 -HT 2 a receptors . Thus, antagonists of these 
receptors might reverse the inhibitory effect of SSRIs on the firing of NE neurons. Indeed, it 
has been observed with the AADs risperidone and olanzapine co-administered with the SSRIs 
escitalopram and fluoxetine, respectively (Dremencov et al., 2007c; Seager et al., 2005). One 
study demonstrated that the AAD olanzapine not only reverses fluoxetine-induced inhibition 
of NE neuronal firing activity, but also stimulates the firing of NE neurons on its own (Dawe 
et al., 2001). 

In 1989, t was reported for the fist time that idozaxan is benefitial as a mood stabilizer 
(Osman et al., 1989). It has been therefore suggested that a 2 -adrenergic autoreceptors could 
be an important target for antipsychotic and mood-stabilizing treatments (Nutt, 1994). Indeed, 
ertain AADs, such as risperidone, are potent antagonists of a 2 -adrenoceptors (Janssen et al., 
1988; Richelson and Souder 2000). As a result, risperidone not only reserve the SSRI-induced 
inhibition of NE neuronal firing activity but also increases it above the value observed in 
control animals (Dremencov et al., 2007c). The electrophysiological findings, demonstrating 
that the AADs increase and/or prevent the SSRI-induced decrease in the firing activity of NE 
neurons are consistent with an AAD-induced elevation in extracellular levels of NE, observed 
in microdialysis studies. The ability of AADs to stimulate the NE transmission might explain, 
at least in part, their beneficial effect in mood disorders. 

Electroconvulsive therapy has been used as antidepressive, mood-stabilizing and 
antipsychotic treatments (Eitan and Lerer 2006; Shapira et al., 1991). It is reported that 
electroconvulsive shocks (ECS), an animal model for the ECT, affect the NE system. Thus, 
both acute and chronic ECS increase cortical and hippocampal NE release. Chronic ECS also 
desensitize a 2 -adrenergic autoreceptors in the PFC (Thomas et al., 1992). Paradoxically, 
electrophysiological studies report that chronic ECS suppress the firing activity of NE 
neurons in the ECS (Grant and Weiss 2001). Based on the evidences of ECS-induced increase 
in brain NE levels, it can be concluded that the benefitial effect of the ECT is mediated, at 
least in part, via NE system. 


VI. Conclusions 

The NE system mediates various autonomic, neuroendocrine, emotional and cognitive 
functions. One of the central roles of NE is response to stress and aversion. This role can be 
summarized as an activation of response to the acute stress and aversion, followed by 
decreased reaction to repeated or chronic aversion. Since the response to stress and aversion 
is a basic part in pathology of mood disorder, NE should play an important role in anxiety, 
depression and mania. Indeed, this role has been demonstrated in numerous animal and 
human studies. Majority of antidepressant drugs and mood stabilizers affect NE system as 
their direct or indirect target. Various medications have different effects on NE neuronal 
activity. The majority of antidepressants, Li and benzodiazepines suppress NE transmission. 
Other medications, such as AADs, activate NE neuronal firing activity and NE release. 
Appropriate combination of different medications, based on the consideration of their effect 
on NE system, might be critical to obtain good treatment outcome. The combination of SSRIs 
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and AADs in bipolar or treatment-resistant depression is an example for such treatment 
strategies. 
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Abstract 

Renal injury, chronic renal disease and end-stage renal disease are often associated 
with obesity, hypertension, and diabetes mellitus. Heightened sympathetic nerve activity 
is observed in patients with renal injury, renovascular hypertension, chronic renal disease 
and end-stage renal disease (ESRD). Further, heightened sympathetic nerve activity as 
observed in plasma norepinephrine concentrations predicts survival and the incidence of 
cardiovascular events in patients with end-stage renal disease, and future renal injury in 
normotensive healthy subjects with a normal range of renal function. Hypertension, 
obesity and diabetes are currently among the World Health Organization’s top 10 global 
health risks. Hypertension and diabetes mellitus, which occur often with obesity, together 
account for approximately 70% of end-stage renal diseases in the United States and 
Japan. Obesity also leads to increases in the incidence of cardiovascular diseases 
including renal injury. Many clinical and epidemiological studies have also documented 
that heightened sympathetic nerve activity plays an important role in obesity and 
hypertension. Thus, one could speculate that heightened sympathetic nerve activity might 
be an important mechanism of the onset and maintenance of renal injury, and that obesity 
and hypertension might emphasize the relationship between heightened sympathetic 
nerve activity and renal injury. 

Human obesity and hypertension have strong genetic as well as environmental 
determinants. Several observations show associations of P2- and p3-adrenoceptor 
polymorphisms with hypertension and obesity, although these findings have not been 
confirmed. In addition, relationships between adrenoceptor polymorphisms, plasma 
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norepinephrine levels, and renal function have not been fully studied. Understanding the 
contribution of plasma norepinephrine and P-adrenoceptor polymorphisms with the onset 
and maintenance of renal injury might aid in the prevention of renal injury, chronic renal 
disease and end-stage renal disease in obesity and hypertension. It may theoretically help 
rational, pharmacological treatments for renal injury in obesity and hypertension. 

The purpose of this review is to provide the current findings on the relationships 
between sympathetic nerve activity, p-adrenoceptor polymorphisms and renal function. 
Also, to further understand the precise roles of sympathetic nerve activity in renal injury 
in the context of obesity and hypertension, which may lead to the prevention and 
treatment of renal injury in these patients. 


Keywords: plasma norepinephrine, sympathetic nerve activity , renal injury , end-stage 
renal disease , hypertension 


Introduction 

Currently heightened sympathetic nerve activity is recognized as an important 
mechanisms involved in cardiovascular complications in humans [1]. Heightened sympathetic 
nerve activity leads to arterial blood pressure elevation, triggers arterial damage, and results 
in cardiovascular events. There is consistent evidence that high plasma norepinephrine levels 
as an index of heightened sympathetic nerve activity, predicts mortality in cardiovascular 
disease such as chronic congestive heart failure [2], asymptomatic left ventricular dysfunction 
[3] and end-stage renal disease (ESRD) [4]. Renal injury predicts the development of 
cardiovascular disease [5]. Therefore, the early stage of renal injury may be used as one of the 
markers for future serious cardiovascular events. 

The association between hypertension, obesity and chronic renal disease is well 
recognized [6-8]. Obesity and hypertension also lead to increases in the incidence of 
metabolic diseases such as diabetes mellitus, and diabetes mellitus is frequently associated 
with renal injury (proteinuria/microalubuminuria). More than 70% of patients with ESRD has 
recently been attributed to complications of diabetes or hypertension [5]. The incidence of 
hypertension, one of the primary etiological factors for chronic renal failure, is significantly 
higher with obesity, suggesting that obesity is an independent factor for chronic renal disease 
[7]. Obesity is also frequently observed with diabetes mellitus [9, 10] and hypertension [11], 
and both diabetes and hypertension together account for approximately 70% of ESRD in the 
United States [5]. Further, obesity is an important factor to the onset of renal disease [12]. 
Heightened sympathetic nerve activity is documented in both obesity and hypertension in 
many clinical and epidemiological studies [13-18]. Thus, one could speculate that heightened 
sympathetic nerve activity associated with obesity and hypertension might play an important 
role in the onset and maintenance of renal injury regardless of its severity [17-19]. 

Many investigators have shown heightened sympathetic nerve activity observed in 
plasma norepinephrine or microneurography in patients with ESRD in cross-sectional studies 
[20, 21]. These observations show renal injury or ESRD is a consequence of hypertension and 
obesity, however, most of previous studies regarding the relationships between sympathetic 
nerve activity and renal function have investigated proteinuria or microalbuminuria as a 
maker for renal injury. Few investigations have simultaneously taken into account 



The Role of Sympathetic Nerve Activity in Renal Injury 


67 


sympathetic nerve activity and renal function in the same study population followed 
longitudinally for several years [19]. Only one study is available to show that heightened 
sympathetic nerve activity (high plasma norepinephrine) predicts future renal injury in 
normotensive, healthy subjects [19]. Further, this study suggested that the p2- adrenoceptor 
polymorphisms that is recognized with the strong linkage of the pathogenesis of obesity and 
hypertension [22-26] relates to future renal injury [19]. These findings may indicate a vicious 
triangle between sympathetic nerve activation, renal injury (ESRD), obesity and 
hypertension, and those states may be determined by genetic background through heightened 
sympathetic nerve activity. 

The purpose of this article is to provide the current findings on the important, but not 
fully clarified topics, including the relationships between sympathetic nerve activity and renal 
injury in hypertension and obesity. To better understand the contribution of the sympathetic 
nervous system to the onset and the development of renal injury might prevent future ESRD 
especially in patients with obesity, hypertension and diabetes, and help theoretically rational 
treatments on those patients with renal injury. 


Plasma Norepinephrine as a Predictor for Future 
Cardiovascular and Renal Events 

(l)Plasma Norepinephrine Levels Predicts Cardiovascular Events in Patients 
with ESRD (Figure 1) 

Heightened sympathetic nerve activity has an important role in cardiovascular 
complications in humans [1]. Sympathetic nerve activity is consistently elevated in patients 
with ESRD [25, 26] (Figure 1). Zoccali et al. [8, 20] examined the relationships between 
sympathetic nerve activity (plasma norepinephrine levels) and mortality and cardiovascular 
events in 228 patients undergoing chronic hemodialysis without originally heart failure. They 
found 45% of dialysis subjects had significantly high plasma norepinephrine levels located in 
the upper limit of the normal range. One-hundred and twenty four (124) fatal and nonfatal 
cardiovascular events occurred in 85 patients during the follow-up period (34±15 months). 
Plasma norepinephrine levels proved to be an independent predictor of fatal and nonfatal 
cardiovascular events in a multivariate Cox regression model. 


(2)Plasma Norepinephrine Levels Predicts Future Renal Injury in 
Normotensive Healthy Subjects (Figures 2 And 3) 

Masuo et al. [19] measured renal function (creatinine, BUN, creatinine clearance) and 
plasma norepinephrine levels over a 5-year period in nonobese, normotensive men with 
normal renal function. Subjects who had a significant deterioration of renal function (>10% 
increases from baseline of creatinine and BUN or decrease in creatinine clearance) over a 5- 
year period had higher plasma norepinephrine at the entry period and greater increases in 
plasma norepinephrine over 5 years (Figure 2). In this study, subjects who had significant 
changes in body weight or blood pressure were excluded. 
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Plasma norepinephrine levels are higher in patients with ESRD than 
those in BMI- and blood pressure-matched healthy normotensive 
subjects and hypertensive patients. 
pmol/mL 



I 


i <2 yrs 
I 2-8 yrs 
i >8 yrs 


ESRD 


Healthy Controls Essential Hypertension 


*P<0.05, 4 *P<0.01 vs. Healthy Controls;#P<0.05, ##P<0.01 vs. Essential Hypertensives. 


Figure 1. ESRD; patients with end-stage renal disease. Plasma norepinephrine levels decreased with the 
duration of hemodyalisis. Plasma norepinephrine levels were significantly higher in patients with 
ESRD with hemodialysis than BMI-matched normotensive subjects or BMI- and blood pressure- 
matched essential hypertensive patients. [Reference 21, Masuo K, et al. 2008] 


Comparisonsof renal functions (BUN, creatinine, creatinine clearance at 
entry and at year-5 between subjects with normal and high plasma 
norepinephrine at entry period. 
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Figure 2. NE, norepinephrine; Normal NE, normal plasma norepinephrine concentrations at entry 
period; High NE, high (>mean +2SD) plasma norepinephrine concentrations at entry period. [Reference 
19, Masuo K, et al.2007]. 
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Subjects who had deteriorations of renal function carrierd higher 
frequency of the Glyl6 allele of Argl6Gly, the (12-adrenoceptor 



Figure 3. Subjects who had deteriorations of renal function carried higher frequency of the Glyl6 allele 
of Argl6Gly, the P 2-adrenoceptor polymorphism. [Reference 19, Masuo K, et al. 2007]. 

Further, subjects who had significantly higher levels of plasma norepinephrine carried 
higher frequency of the Glyl6 allele of p2-adrenoceptor polymorphism [20] (Figure 3). The 
Glyl6 allele of p2-adrenoceptor polymorphism is also known to be associated with obesity 
[23, 25, 26], hypertension [23, 26], and metabolic syndrome [24]. Thus, high plasma 
norepinephrine might be a predictor determined genetically by the p2-adrenoceptor 
polymorphism (Argl6Gly) for renal injury, obesity, hypertension, and metabolic syndrome. 

These observations demonstrate that plasma norepinephrine as an index of sympathetic 
nerve activity has strong linkage with the onset and development of renal injury. Plasma 
norepinephrine (a neurotransmitter) measurements represent a useful marker to assess 
sympathetic nerve activity in a cohort studies, although the amount of norepinephrine in the 
plasma is only a fraction of the amount released into the synaptic clefts and may be 
influenced by several factors, such as the rate of reuptake into the nerve endings or into extra 
neuronal cells, the density of neuroeffector junctions, and the metabolic clearance rate. 
However, in our experience, plasma norepinephrine concentrations from forearm venous 
sampling correlate closely with whole-body norepinephrine spillover measured by the isotope 
dilution technique (Figure 4) and muscle sympathetic nervous activity using 
microneurography [27, 28]. This suggests that forearm venous plasma norepinephrine levels 
are still practical for population-based studies. 
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Figure 4. Correlation between whole-body plasma norepinephrine spillover and venous plasma 
norepinephine concentrations .[Reference 29, Masuo K, et al. 2008]. 


The Role of the Kidneys in Hypertension and Obesity 

Hypertension and obesity are important causes for renal injury, chronic renal disease and 
ESRD. The association between hypertension, obesity and heightened sympathetic nerve 
activity is well documented [18, 22-29]. Rumantir et al [30] found when compared with 
healthy nonobese normotensive subjects, norepinephrine spillover from the heart and kidneys 
is increased in lean hypertensive patients. In the obese population, renal norepinephrine 
spillover was increased in both normotensive and hypertensive obese, independent of blood 
pressure, while cardiac norepinephrine spillover was significantly reduced in obese 
normotensive individuals. Hall et al [7, 31] reviewed the importance in the kidneys for the 
pathogenesis of obesity-related hypertension as obesity raises blood pressure by increasing 
renal tubular reabsorption, impairing pressure natriuresis, causing volume expansion due to 
activation of the sympathetic nervous system and renin-angiotensin system, and by physical 
compression of the kidneys, especially when visceral obesity is present. Long-term obesity 
may cause an increasing urinary protein excretion and a gradual loss of nephron function that 
worsens with time and exacerbates hypertension. These investigations demonstrate that the 
kidney and renal sympathetic nerve activity play important roles in the pathogenesis of 
hypertension, obesity, and obesity-related hypertension. 
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Renal Sympathetic Nerve Activity in Hypertension 

There is growing evidence that the renal sympathetic nerves may contribute to the 
pathogenesis of several types of experimental hypertension in animal models and that the 
defect in renal excretory function in hypertension is an increase in renal sympathetic nerve 
activity [32]. Increased renal sympathetic nerve activity is found in animal models of 
hypertension and hypertensive humans as mentioned above [30]. Renal denervation can either 
attenuate the severity or delay the development of hypertension in spontaneously 
hypertensive rats (SHR), in DOCA-salt treated rats and in renovascular hypertensive rats [33- 
35]. On the other hand, increased renal sympathetic nerve activity results in reduced renal 
excretory function by virtue of effects on the renal vasculature, the tubules, and the 
juxtaglomerular granular cells, and impaired arterial baroreflex regulation. Intra-renal 
administration of catecholamines has been shown to elicit an increase in systemic arterial 
pressure as long as the infusion is continued. Blood pressure is directly influenced either by 
several manoeuvres applied to the kidney or by the electrical stimulation of afferent renal 
nerve fibers. It is known that efferent renal sympathetic nerve activity, by exerting a direct 
influence on renal arteriolar tone, renin release and sodium and water excretion, can interfere 
with the control of arterial pressure by modifying peripheral resistance, circulating 
angiotensin II and volume balance. These investigations showed that the renal sympathetic 
nerves may contribute to the development of hypertension through the renal excretory defect 
as well as vascular tone either directly or indirectly via the renin-angiotensin system. 

On the other hand, Burke et al [36] observed that the sympathetic nerve activity 
modulates peripheral vasoconstriction in angiotensin II-induced hypertension. Renal 
sympathetic nerve activity was not altered by angiotensin II-induced hypertension nor blood 
pressure levels (hypertension) was not altered by renal denervation. The greater depressor 
effect of acute ganglion blockade was observed in angiotensin II-induced hypertensive 
rabbits. The findings suggest that renal sympathetic nerve activity does not contribute to 
hypertension, but the renal sympathetic nerve activity exerts increased vasoconstriction in the 
peripheral vasculature in angiotensin II-induced hypertension. Lohmeier et al [37] reported 
that renal denervation did not abolish sustained baroreflex-mediated reductions in arterial 
pressure, and does not affect mean arterial pressure, plasma norepinephrine concentration, 
plasma rennin activity, and sodium excretion chronically (14 days after renal denervation), 
although those were recognized at the early stage (1 day after renal denervation). Their 
findings are important to evaluate the long-term efficacy of renal denervation of refractory 
hypertension. 

Conflicting results have been published with regards to the effects of renal denervation 
on hypertension. Further studies are needed to clarify these relationships and the mechanisms 
of the renal sympathetic nervous system in hypertension. 


Sympathetic Nerve Activity and Abnormal Renal-Pressure Natriuresis in 
Hypertension (Figure 4) 

Long-term control of arterial pressure has been attributed to the kidney by virtue of its 
ability to couple the regulation of blood volume to the maintenance of sodium and water 
balance by the mechanisms of pressure natriuresis and dieresis [31]. In the presence of a 
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defect in renal excretory function, hypertension arises as the consequence of the need for an 
increase in arterial pressure to offset the abnormal pressure natriuresis and diuresis 
mechanisms, and to maintain sodium and water balance (Figure 5). One of the most important 
of abnormal renal-pressure natriuresis proved to be the renin-angiotensin system. When the 
renin-angiotensin system is fully functional, the chronic relationship between arterial pressure 
and sodium excretion is extremely steep, and sodium balance can be maintained over a wide 
range of intakes with minimal changes in arterial pressure. Another important neurohormonal 
modulation of renal-pressure natriuresis is the sympathetic nervous system. In obese subjects, 
impaired pressure natriuresis is initially due to increased renal sodium reabsorption because 
glomerular filtration rate (GFR) and renal plasma flow are actually increased. With prolonged 
obesity, increased arterial pressure, renal vasodilation and glomerular hyperfiltration, 
neurohormonal activations on the sympathetic nervous system and renin-angiotensin system, 
and metabolic changes may cause glomerular injury and further impairment of renal-pressure 
natriuresis, resulting in more severe hypertension and a gradual loss of kidney function [38]. 
Relatively small changes in renal artery pressure may cause large alterations in sodium and 
water excretions that persisted as long as renal artery pressure is altered. 


Abnormal Pressure Natriuresis 



Figure 5. Abnormal pressure-natriuresis causes high blood pressure . 


Leptin Causes Hypertension through Sympathetic Nerve Activation in the 
Kidney 

Leptin, a 16-kDa protein derived principally from adipose tissue, has been implicated in 
body weight homeostasis (weight loss) by reducing appetite and by increasing energy 
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expenditure through sympathetic nerve stimulation to thermogenic tissue [39, 40]. In the 
kidney, leptin may affect blood pressure mainly by two opposing ways: the first, leptin 
stimulates renal sympathetic nerve activity [41-43], thus renal denervation attenuates the anti¬ 
natriuretic and hypotensive effect of obesity in rats [44]. The second is related to nitric oxide 
(NO) synthesis [45] and endothelial mechanisms [46]. The renal effect of leptin also depends 
on the exposure time of the hormone. Leptin infusion for short periods of time (bolus 
infusion) produces increased sodium excretion and urine output with no changes in blood 
pressure in lean Sprague-Dawley normotensive rats, but the natriuretic effect of leptin was 
attenuated significantly in obese Zucker rats [47]. The increased natriuresis and fractional 
sodium excretion are not accompanied by substantial exchanges in glomerular filtration rate 
or the renin-angiotensin axis suggesting decreased sodium tubular transport. Sodium- 
potassium exchange (Na/K-ATPase) activity in the renal medulla decreased significantly 
following acute leptin administration [48]. Further, several observations suggest hypotensive 
effects of leptin, itself, through stimulation of systemic NO release [49] and leptin-mediated 
vasorelaxant effects [46] when sympathetic nerve activity was blocked pharmacologically 
[45]. 


Sympathetic Nerve Activity in Renal Disease 

Sympathetic Nerve Activity in Patients with Renal Parenchymal Disease 
(Renal Injury) 

Intravascular volume expansion is a major pathogenic factor in renal parenchymal 
hypertension. In these patients, excessive renin secretion relative to volume status and 
heightened sympathetic nerve activity are observed, and those contribute to hypertension in 
patients with renal injury. Potential mechanisms include afferent stimuli from the injured 
kidneys to the brain, reduced central dopaminergic tone, reduced baroreceptor sensitivity, 
abnormal vagal function and endothelial dysfunction in patients with renal dysfunction [45, 
46, 49]. 

Early glomerular changes in obesity may be the precursors of more severe glomerular 
injury and progressive impairment of pressure natriuresis. For example, studies in obese 
humans have shown that obesity is associated with proteinuria even before they had major 
histological changes in the kidneys [50]. Obese subjects have glomerulomegary and focal 
segmental glomerulosclerosis even in the absence of diabetes [50], and the prevalence 
significantly increases more than 10 times following with increases in the frequency of 
obesity. 


Sympathetic Nerve Activity in Patients with End-Stage Renal Disease 
(ESRD) 

Evidence now strongly indicates a role for the sympathetic nerve activity in the 
pathogenesis of hypertension in renal failure (ESRD). Hypertension occurs commonly and 
early in renal disease and is paralleled by increases in sympathetic nerve activity, as indicated 
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by increased muscle sympathetic nerve activity and circulating norepinephrine (Figure 1). 
This appears to be driven by the diseased kidneys, because nephrectomy or denervation has 
been shown to correct blood pressure and sympathetic nerve activity in human and animal 
studies [51]. One of the important mechanisms of the sympathetic nerve activity in 
hypertension in patients with ESRD is due to abnormal renal sodium excretion in patients 
with ESRD. In the normal state, interactions between the kidney and sympathetic nervous 
system serve to maintain blood pressure and glomerular filtration rate within tightly 
controlled levels, but in renal failure, a defect in renal sodium excretory function leads to an 
abnormal pressure natriuresis relationship and activation of the renin-angiotensin system, 
contributing to the development of hypertension (Figure 5) and progression of kidney disease 
[33, 34, 52, 53]. Another mechanism is that the sympathetic nerve activity may modulate 
baroreflex regulation and vasulature tone through the central nervous system and angiotensin 
II [36]. Afferent signals from the kidney, detected by chemoreceptors and mechanoreceptors, 
feed directly into central nuclei of the sympathetic nerve activity by circulating and brain- 
derived angiotensin II [54]. Therefore, the pathogenesis of hypertension in renal failure 
(ESRD) is complex and arises from the interaction of hemodynamic and neuroendocrine 
factors. At least, we can find that sympathetic nerve activity has strong relationships with 
regards to increased risk of cardiovascular disease [8, 20] in patients with ESRD and survival 
rate in chronic heart failure with renal injury, suggesting that we have to pay attention to 
sympathetic nerve activation to treat patients with ESRD. 


Sympathetic Nerve Activity in Renovascular Hypertension 

Although there is general agreement with regards the renin-angiotensin system for 
elevated blood pressure in the early phase of renovascular hypertension, other mechanisms 
such as sodium retention and the sympathetic nerve activation may contribute to the progress 
of the disorder [55, 56]. Miyajima et al [57] reported increased muscle sympathetic nerve 
activity in renovascular hypertensive patients. Johnson et al [58] found increased muscle 
sympathetic nerve activity and whole-body norepinephrine spillover in long-term 
renovascular hypertensive patients compared to normotensive subjects as well as primary 
hypertensive patients, and they reported sympathetic nerve activity 2 times higher in 
renovascular hypertensive patients compared to normotensive subjects. Esler et al. [59] 
reported a 38% increase in whole-body norepinephrine spillover in renovascular hypertensive 
patients compared to healthy normotensive subjects due to mainly higher norepinephrine 
release. Increased muscle sympathetic nerve activity is normalized after successful 
angioplasty of a renal artery, suggesting that restoration of blood flow to the ischemic kidneys 
may have eliminated the afferent stimulus that provoked the increased sympathetic nerve 
drive. 


Clinical Implications 


We discussed the importance of heightened sympathetic nerve activity, especially 
heightened renal sympathetic nerve activity, for the pathogenesis of renal disease and ESRD 
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in hypertension because the kidneys play a prominent role in fluid and electrolyte regulation 
and resultant arterial pressure homeostasis through renal sympathetic nerve activity and the 
renin-angiotensin system. 


Renal Denervation as a Therapy for Hypertension 

Many investigations have implicated sympathetically mediated mechanisms in the 
development of hypertension in animal models and in humans [1, 18, 22]. Accordingly, in 
some models of hypertension, complete renal denervation delayed the development of 
hypertension [33-35]. Renal denervation attenuates long-term hypertensive effects of 
angiotensin II [60]. Renal denervation changes baroreceptor function to attenuate chronic 
blood pressure elevation [33]. Further, renal sympathetic nerve activity is modulated by 
changes in baroreceptor afferent nerve activity under long-term high sodium diet [52] and low 
sodium diet represented by angiotensin II stimulation [34] in animal models. Disruption of 
the negative feedback loop between baroreceptor afferents and renal sympathetic nerve 
activity may lead to impaired regulation of fluid balances, resulting in an elevation in arterial 
pressure. 

Jacob et al [33] reported renal denervation chronically (10 days) lowered arterial 
pressure regardless of amount of sodium intakes in Sprague-Dawley rats. Another study was 
examined by Veelken et al [53] to show that renal denervation prevent the onset of 
glomerulonephritis. Complete surgical bilateral renal denervation was performed 2 days 
before glomerulonephritis induced by injecting the monoclonal antibody. Denervation 
significantly reduced albuminuria, mesangiolysis, formation of microaneurysms, deposition 
of glomerular collagen IV, and expression of TGF-beta compared with sham-operated 
controls. Accordingly, inflammation, identified by accumulation of interstitial macrophages 
and renal expression of TNF-alpha, and mesangial cell proliferation were significantly 
reduced. These findings indicate that renal denervation ameliorates acute inflammation of 
glomerulonephritis in the kidney. They also speculated neurotransmitters or neuropeptides 
and their receptors might represent novel targets for the treatment of acute 
glomerulonephritis. Ojenda et al [35] have proposed that early renal denervation may prevent 
the development of hypertension in intrauterine growth-restricted offspring who develop 
hypertension at the pre-pubertal age. They compared blood pressure and renal norepinephrine 
contents with intrauterine growth-restriction in animal models with and without renal 
denervation. Blood pressure and norepinephrine contents in the kidneys were significantly 
lower in those with renal denervation compared with sham operation after 2 weeks of renal 
denervation. The results indicate the effectiveness to prevent hypertension in low-birth weight 
babies who frequently had hypertension accompanied with a high risk of cardiovascular 
events. 

In addition, currently the investigation of patients with refractory hypertension associated 
with end-stage renal disease are continuing to confirm the efficacy and safety of renal 
denervation by Ardian Inc (NCT00664638) [61]. Catheter-based renal denervation has been 
reported as an effective and safe, without serious adverse events, treatment to reduce blod 
pressure in 45 patients with resistant hypertension for 12 months in a multicenter trial [62, 
63]. 
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Summary 

The role of the sympathetic nervous system in renal injury, end-stage renal disease, and 
renovascular hypertension are discussed through a literature review accompanying 
sympathetic nerve mechanisms in hypertension and obesity. Relevant studies of sympathetic 
nerve activity and p2-adrenoceptor polymorphism might contribute to the onset and 
maintenance of renal injury in healthy subjects and in patients with chronic heart failure and 
cardiovascular events in ESRD patients. A better understanding of the relationships of 
sympathetic nerve activity with renal injury might help clinical implications (treatment) for 
renal injury in hypertensive patients and hypertension in patients with ESRD. Recently, the 
role of denervation of renal sympathetic nerve in refractory hypertension has been examined 
and showed its efficacy in humans. The outcome from the study have not been established, 
but a number of animal studies show theoretical benefits for those patients in the acute phase. 
Further studies are needed to clarify the relationships between the sympathetic nerve activity 
and renal injury. 
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Abstract 

As immunohistochemistry enters its fourth decade as a diagnostic tool this analytical 
procedure continues to experience poor reproducibility, albeit in specific situations. The 
problem becomes more important with the mounting pressure to employ the assay in a 
quantitative manner for the assessment of therapeutic and prognostic markers in a number 
of neoplasms. Qualitative applications of immunohistochemistry are well established and 
continue to increase with the range of sensitive antibodies and detection systems 
available, however, numerous variables that influence the immunoexpression of proteins 
in formalin-fixed tissue continue to exist in the pre-analytical and analytical phases of the 
test procedure. Many pre-analytical variables are currently beyond the control of the 
laboratory. Tissue fixation is critical but the exposure to fixative prior to accessioning by 
the laboratory is not controlled. Antigen retrieval, another pivotal procedure in 
immunohistology, continues to be employed in an empirical manner with the actual 
mechanism of action remaining elusive. There is great variation in reagents, method, and 
duration of tissue processing and immunostaining procedure, and detection system 
employed is not standardized between laboratories. While many of these variables are 
offset by the application of antigen retrieval, which enables the detection of a wide 
variety of antigens in fixed tissue, the method itself is not standardized. This myriad of 
variables makes it inappropriate to provide meaningful comparisons of results obtained in 
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different laboratories and even in the same laboratory as in current practice each 
specimen experiences different pre-analytical variables. Importantly, it calls into question 
the use of immunohistochemistry as a quantitative assay. Furthermore, variables in 
interpretation exist and cutoff thresholds for positivity differ. Failure to recognize false 
positive and false-negative stains leads to further errors of quatitative measurement. 
Many of the problems relating to the technology and interpretation of immunostaining 
originate from failure to recognize that this procedure is different from other histological 
stains and involves many more steps that cannot be monitored until the end result is 
attained. While several remedial measures can be suggested to address some of these 
problems, accurate and reproducible quantitative assessment of immunostains presently 
remains elusive as important variables that impact on antigen preservation in the paraffin- 
embedded biopsy cannot be standardized. 


Keywords: immunohistochemistry, variables, antibodies, controls, quantitation, pitfalls 


Introduction 

Immunohistochemistry was first introduced as a fluorescence-based technique in the mid 
1940s. The development of the peroxidase-anti-peroxidase and avidin-biotin-peroxidase 
techniques enabled application to formalin-fixed, paraffin-embedded tissues (FFPT), 
facilitating its usefulness in tissue diagnosis. With the development of hybridoma technology, 
the technique rapidly became entrenched as an invaluable adjunct to morphologic diagnosis 
and through the introduction of antigen retrieval techniques; an ever-increasing range of 
diagnostic proteins could be identified in FFPT. 

The ability to work with FFPT sections, the most common medium in which histological 
diagnosis is rendered, and the increasing sensitivity of the technique enabled exquisite 
localization of staining to specific cell structures and organelles. As such, we proposed 
‘immunohistology’ as a more appropriate term for this morphology-based investigation in 
order to emphasize this fundamental attribute (Leong et al, 1997a). Alternative appellations 
like ‘immunohistopathology’ (Elias, 2005), and ‘immunomicroscopy’ (Taylor and Cote, 

2005) were subsequently proffered in recognition of the importance of correlating 

morphologic features with the immunological assay. 

Immunohistology has wide applications in both research and diagnosis. Through the 
identification of proteins expressed in the cell and connective tissues, the assay has been 
employed for a myriad of diagnostic purposes (Leong and Wright, 1987; Leong and Leong, 

2006) that include tumor diagnosis, (Leong 1992; Leong and Leong 1997, Taylor and Cote, 
2005), identification of infective organisms, phenotyping of lymphomas and leukemias, the 
identification of hormones and peptides, and the demonstration of diagnostic morphological 
patterns and structures that are normally not visible in routinely stained sections such as basal 
lamina for the identification of soft tissue tumors (Leong et al, 1997b) and microvilli (Leong 
et al, 1990; 1992). Immunohistological markers have been employed for prognostication in a 
wide range of neoplasms (Leong and Lee, 1995; Leong 2001). The immunohistological 
identification of cellular proteins serves as a surrogate technique for molecular analysis in the 
identification of genetic alterations, normal expression, overexpression, aberrant expression, 
and loss of expression of genes. For example, the absence of E-cadherin distinguishes 
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infiltrating lobular breast carcinoma from infiltrating ductal carcinoma (Bratthauer et al, 
2002; Wood and Leong, 2003), and the loss of mismatch repair gene proteins is useful for the 
screening of microsatellite instability (Ribic et al, 2003; Popat et al, 2005). There have even 
been proposals that some tumors such as gastrointestinal stromal tumors and lobular 
carcinoma of the breast be defined by their immunohistological phenotype (Fletcher et al, 
2003; Acs et al, 2001) and the assay can also be employed for the identification of carrier 
states. Antibodies have been raised to chimeric proteins that result from the translocation of 
certain genes that are recognized to be specific for certain tumors. For example, the 
immunoexpression of the chimeric NPM-ALK protein that represents the fusion of the 
nucleophosmin ( NPM) gene on chromosome 5q35 to the anaplastic lymphoma kinase ( ALK) 
gene on chromosome 2p23 is diagnostic of anaplastic large cell lymphoma (Stein et al, 2000). 
When immunohistological assays are employed in this manner it is a cheaper and more rapid 
test that serves as a useful screening procedure for several genetic abnormalities. 

The foregoing applications of immunohistology are largely qualitative but individualized 
cancer treatment has resulted in the immunohistological evaluation of many prognostic 
markers often with attempts at quantitation. A contemporary trend in cancer therapy is the 
targeting of specific molecules expressed by cancer cells; these commonly being molecules 
on the cell surface that are involved in the regulation of growth and proliferation (Leong and 
Leong, 2006). Humanized or chimeric monoclonal antibodies have been produced to a 
handful of these target molecules and the best therapeutic response generally occurs in those 
tumors expressing large amounts of the target molecules. As such, there has been an 
increasing push, largely driven by medical oncologists, for the quantitation of such expressed 
molecules as detected by immunohistochemical stains. 

This article examines the validity of quantitative values assigned to the 
immunohistological assay and the variables that potentially affect such values. 


The Immunohistological Assay - A Total Test Approach 

Earlier in the development of immunohistology when the assay lacked sensitivity and 
specificity, the problems of reproducibility and consistency were very evident because many 
stains were capricious. The advent of sensitive antibodies and enhanced detection systems, 
together with the development of the antigen retrieval procedure made it possible for most 
laboratories to consistently stain for a large variety of antigens in FFPT so that such initial 
problems with reproducibility were forgotten or relegated to the background. However, the 
proliferation of reagents and procedures resulted in a wide variation in adopted practice and it 
was soon realized that this diversity could be a potential issue in immunohistology giving rise 
to calls for standardization (Taylor 1994; O’Leary 2001, Taylor and Levenson, 2006; 
Goldstein et al, 2007). The concern largely focused on reagents and procedures without much 
attention paid to fixation and other variables that influence antigen preservation. The drive for 
quantitation of therapeutic and prognostic markers in a variety of tumors has resulted in a 
renewed necessity to address the problems of reproducibility and standardization. 

Immunohistology should not be regarded as an empirical procedure similar to other 
histological stains. Immunohistology is different in that it entails many more steps to perform 
and success cannot be monitored until completion of the entire procedure. It is more akin to a 
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biochemical assay. As such, this analytical procedure is more appropriately viewed as a total 
test comprising pre-analytical, analytical, and post-analytical phases. A systematic detailed 
examination of the many variables that influence each of these analytical phases will serve 
well our desire to attain reproducible quantitative immunohistology. 


Pre-Analytical Variables: Tissue Preservation, 
Transportation, Fixation and Tissue Processing 

The variables that influence this phase of the analytical process are particularly difficult 
or currently impossible to control because tissue samples are obtained in different ways by 
different clinicians, and in diverse hospital and clinical settings. 


Intrinsic Properties of the Sample 

In the routine setting, tissue samples may be obtained by fine needle aspiration, as needle 
cores, endoscopic biopsies, superficial biopsies of skin or mucosa, or by more extensive 
excisional procedures. The state of the biopsy, which may be intrinsically necrotic, or 
ischemic, and the duration between removal of the tissue and placement into fixative will 
determine the amount of detectable antigen. 

Immediately after death or removal of the biopsy sample, degradation and autolysis 
commences, and delays in fixation affect the preservation of tissue antigens. Some antigens 
appear to withstand adverse conditions, e.g., blood group antigens can still be 
immunohistochemically detected in minute spots of dried blood, but many other antigens do 
not. Degradation rates differ between organs and tissues (Pelstring et al, 1991) and 
biochemical changes occur very rapidly within seconds after death (Pearse 1980). Biopsy 
specimens should be immersed in formalin soon after removal. They must not be allowed to 
dry out during the clinician’s zealous examination (often under hot lights) for gross changes 
that are invariably not visible to the naked eye, or for other reasons including photography of 
the unfixed specimen (Figure la and lb). Large specimens such as mastectomies are often 
immersed whole in fixative, delaying fixation to the deeper tissues and adversely affecting 
antigen preservation. 


Fixation and Fixatives 

Fixatives can vary in type and composition. Ten per cent formalin (4% formaldehyde) is 
the universal fixative, being inexpensive and producing morphological detail that pathologists 
are most accustomed. However, formalin penetrates tissues slowly and it was a commonly 
held belief that formalin preserves antigens poorly. Furthermore, formalin deteriorates with 
storage. Aqueous solutions of formaldehyde contain equilibrium of its monohydrate 
methylene glycol, formaldehyde, and water. Methylene glycol, in turn, forms various 
oligomers including low molecular weight polymeric hydrates or polyoxymethylene glycols. 
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Figure la and 1b 


Figure 1. Polyphenotypic small round cell tumor from the abdomen of a 4-year-old boy. (a) The 
biopsied material stained weakly for CD99, whereas (b) the excised tumor showed diffuse and strong 
positivity for the same antigen. The staining procedure used was identical. 

Formalydehyde appears to be the active component and effective fixation results from the 
formation of cross-links between proteins end groups that include amino, imino, amido, 
peptide, guanidyl, hydroxyl, carboxyl, SH, and aromatic rings. The formation of such 
methylene bridges between amino groups on adjacent molecules is thought to be the basis of 
formaldehyde-based fixation (Pearse, 1980). It has been clearly demonstrated that the ability 
to demonstrate a wide range of tissue antigens varies inversely with the duration of exposure 
to formaldehyde (Leong and Gilham, 1989)). Tissues fixed in formaldehyde displayed a 
distinct and progressive loss of staining of many antigens, frequently proportional to the 
duration of exposure to the fixative. There was an appreciable loss of staining of some 
antigens after 3 days; many antigens were lost after 7 days and most were not demonstrable 
after 14 days of fixation. Interestingly, enzymatic predigestion per se was useful for the 
unmasking of only some antigens, ineffective and even deleterious in others (Leong and 
Gilham, 1989). 

Unfortunately, formalin fixation is not a single uniform procedure but varies from 
laboratory to laboratory with respect to concentration, pH and buffers, and temperature and 
duration of exposure. All these parameters strongly impact on the outcome of 
immunostaining. Furthermore, exposure to formalin occurs in several stages, after removal of 
the specimen and before receipt by the laboratory, during the interim period in the laboratory 
before tissue processing, and again during tissue processing. All these durations vary between 
laboratories, and for different specimens accessioned by the same laboratory (Figure 2a and 
2b). 

It is also likely that certain antigens have optimal durations of fixation. It has been shown 
that for the immunohistological demonstration of estrogen receptor, a minimum fixation time 
of 6-8 hrs in formalin is required for consistent results (Goldstein et al 2003). This minimum 
time is particularly critical in small biopsies and needle cores which tend to receive 
insufficient or weak initial formaldehyde fixation followed by extraction/fixation in ethanols 
used for dehydration in the tissue processor, resulting in inconsistent demonstration of some 
tissue antigens. 
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Figure 2a and 2b 


Figure 2. (a) Needle core biopsy of infiltrating ductal carcinoma of the breast fixed for 8 hours in 
buffered formalin stained strongly for estrogen receptor, (b) The same tumor in the mastectomy 
specimen that was immersed in buffered formalin for 48 hours failed to stain for the same antigen. 

Capricious epitopes of antigens that cannot be demonstrated following routine formalin 
fixation can be successfully stained if only exposed to the fixative for a short duration 
(Raymond and Leong, 1990), or by using a physical fixation agent such as microwaves 
(MWs) (Leong and Milios, 1993a, 1993b). Antigen preservation in tissues fixed by MW 
irradiation in normal saline was clearly superior to formalin fixation and some antigens not 
demonstrable in formalin-fixed tissues were readily labeled in MW-fixed sections (Leong et 
al, 1988). Similarly, immunolabelling of cytological preparations has been shown to be 
optimal with 0.1% formal saline as the fixative and air-drying as the best method of 
preparation of such material (Supinthawong et al, 1996). 

The various fixation and tissue preparation methods for light microscopic 
immunohistochemistry have been reviewed (Larsson 1993) but in routine practice immersion 
in 10% buffered formalin is the most common method of fixation, with coagulant fixatives 
less frequently employed (Leong 1994). Alcohol-based fixatives appear not to react 
covalently with amino acids and therefore leave the primary protein structure unaltered 
although aspects of the tertiary structure may be changed (Pearse 1980). Earlier reports 
suggested methacarn (a mixture of methanol and acetic acid) as a useful fixative for 
preservation of tissue antigens (Gown and Vogel, 1984), and a variety of other fixatives and 
mixtures of alcohol with other reagents has been used (Larsson 1993). Shrinkage of tissue and 
extraction of small antigens remains a problem with alcoholic fixatives so that formalin has 
remained the universal fixative for routine morphologic examination and immunohistology. 

The dehydration process may also affect antigen preservation and various special 
dehydration procedures have claimed improved tissue antigenicity. Similarly, certain types of 
paraffin, celloidin, and polyethylene glycol have been shown to be useful for 
immunohistology (Larsson 1993). 

Other aspects of the fixation procedure, including pH and temperature, have an impact on 
antigen preservation, more severely for some antigens compared to others. The pH of 
formalin affects the type of cross-linking that occurs. With 10% neutral buffered formalin, 
hydrogen sites in peptide molecules are available for linkage as they are in the uncharged 
state. Lowering of the pH induces formation of charged amino groups (NH 3 + ) that lack 




Quantitative Immunohistology 


87 


reactive hydrogen sites and favors interactions with amide (CO-NH 2 ) groups. The formation 
of methylol bridges can theoretically alter the native conformation of a protein substantially 
and the configuration of covalent cross-links may alter the structure of important epitopes 
(Leong 1994). In addition to inducing cross-linking, formalin also disrupts hydrogen bonds 
and other electrostatic interactions that affect the configuration of proteins, further increasing 
the possibility of important alterations to epitopic targets. As antibodies are mostly raised to 
proteins in their native conformation state, they may not bind as effectively to target 
polypeptides that have such structural transmogrification, so-called “antigen masking”. The 
extent of this antigen masking is proportional to the duration of fixation (Leong and Gilham, 
1989; Leong 1994). The antigen masking effects of formalin and concerns about its toxicity 
has prompted the use of formalin substitutes, which are generally either alcohol- or water- 
based. Several commercial fixatives have been produced including Histochoice (Amresco, 
Soron, OH, USA), FineFix (Milestone, Bergamo, Italy), NoToX (Earth Sate Technologies, 
Lumberton, NC, USA), and Ominfix (An-Con Genetics Inc, Melville, NY, USA) but their 
efficacy in antigen preservation remains to be proven particularly in the case of some 
predictive and prognostic factors such as hormone receptors and HER2/neu for which 
alcohol-based fixative have been shown to be detrimental. 

Fresh acetone-fixed tissue sections have traditionally been held as the ‘gold standard’ for 
reference purposes in immunohistochemistry as it was assumed that fresh tissue had 
unadulterated nuclear, membranous, and cytoplasmic epitopes, which when exposed to 
fixative, were altered or lost forever. However, it was recently shown that more than half of 
the 26 antibodies tested in a study showed better immunohistological signals following 
fixation in neutral buffered formalin and antigen retrieval; and only two antibodies displayed 
better results in fresh acetone-fixed sections (Shi et al, 2008) In particular, nuclear antigens 
showed better staining in tissue fixed by neutral buffered formalin. It thus appears that neutral 
buffered formalin performs well; not only as a convenient and cheap universal fixative for 
cytomorphology but also for antigen preservation and that a better alternative is yet to be 
found. Heat-induced antigen retrieval appeared to improve immunohistochemical staining of 
unfixed frozen sections and dot-blot protein extracts suggesting that natural steric barriers 
exist even in the fresh state (Kakimoto et al, 2008). 


Tissue Processing 

While it is possible to control the duration of exposure to formaldehyde after the 
accession by the laboratory, it is difficult or not possible to control the events preceding. 
Furthermore, the exact duration between excision of tissue and placement in formalin is 
invariably not known. This factor is a major obstacle to standardization of fixation, a pivotal 
influence on antigen preservation. There is another period of exposure to formalin when the 
specimen is in transit in the laboratory awaiting examination, dissection, and sampling before 
final tissue processing. This duration of exposure will vary between different specimens in the 
same laboratory. Further exposure to formalin in the tissue processor will affect antigen 
preservation and tissue-processing cycles can vary considerably in composition and duration, 
with newer tissue processors employing reagents different to the conventional formalin, 
ethanol and xylene (Visinoni et al, 1998; Morales et al, 2004). 
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There are major differences in tissue processing protocols with variations in the time of 
immersion in formalin and alcohols. These variables can be controlled and standardized for 
the individual laboratory but in the case of tissue blocks prepared in other laboratories such 
variations may significantly affect the staining of tissue antigens. 

Tissues previously subjected freezing or decalcification show poor and inconsistent 
preservation of some antigens. 


Storage of Tissue Sections 

There is evidence that exposure to the elements can affect tissue antigens. Tissues 
sections that are left on the bench at room temperature have shown deterioration of 
antigenicity (Jacobs et al, 1996; Wester et al, 2000; Divito et al, 2004) and stored tissue 
blocks displayed degradation of target antigens (Blind et al, 2008). Temperature, drying, and 
exposure to ultra-violet light have been implicated as significant factors contributing to this 
loss (Blind et al, 2008). It is not an uncommon practice to have control sections cut well in 
advance of immunostaining and unless optimally stored, such controls will affect the 
optimization of new antibodies and other reagents. Should delays in staining be anticipated, 
FFPT sections should be wrapped in aluminum foil and stored at minus 20°C for optimal 
antigen preservation (Figure 3a and 3b). 


Analytical Variables - Antigen Retrieval, Antibodies, 
Detection Systems and Controls 

Unlike the pre-analytical factors, analytical factors are more readily controlled within the 
individual laboratory. Analytical variables that are associated with the demonstration of the 
antigen include antibody specificity and sensitivity, dilution, detection system, and antigen 
retrieval. 



Figure 3a and 3b 


Figure 3: (a) Staining for Her2 in a control section of breast carcinoma. The section had been prepared 
some 30 days earlier and stored at 4oC. There was barely any staining in the material, (b) A freshly 
prepared section from the same tissue block showed 3+ staining for Her2 protein. 
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The Immunohistological Assay 

The immunohistological test is the application of an antibody to label a protein in tissues 
or cells based on antibody-antigen recognition. The cells may be fixed and embedded in 
paraffin, or unfixed as in frozen sections, or as intact cells in cytological preparations. The 
basic aim of the procedure is the distinct localization of signal to specific cell and tissue 
components in the section, at the same time retaining good morphological visualization. 
Amplifying the signal without increasing the non-specific background staining or noise is a 
major strategy to allow application of the assay to routinely processed diagnostic tissues. 

The direct immunofluorescence technique in which a fluorescein-labeled primary 
antibody is employed to detect the protein of interest represents the most basic 
immunohistological test. However, despite the simplicity of this one-step stain, the 
insensitivity of this assay that provided a 1:1 antigen to signal ratio and the poor morphologic 
visualization and preservation of frozen sections, restricted its application. The development 
of two- and three-step techniques that amplified the antigen to signal ratio, and permanent 
chromogen systems such as horseradish-peroxidase and diaminobenzidine were important 
milestones in the evolution of the immunohistological assay as they allowed the procedure to 
be applied to fixed-paraffin-embedded tissue sections, discussed in detail elsewhere (Leong et 
al, 1994; 1997a). Additional developments such as the use of polymers (Sabattini et al, 1998) 
and tyramide (King et al, 1998) further amplified the antigen to signal ratios, and antigen 
retrieval methods including enzyme digestion and post-fixation in heavy metal solutions 
improved the detection of antigens in fixed tissues (Leong 1994; Leong et al, 1997a), 
however, it was the introduction of the so-called heat-induced antigen retrieval method that 
had the greatest impact (Shi et al, 1991; Leong and Milios, 1993a; Gown et al, 1993; Cuevas 
et al, 1994). Pari-pasu with these developments, the range of antibodies and their specificity 
and sensitivity continued to improve, all contributing to consolidate the pivotal role of the 
immunohistological assay in both research and diagnosis. 


Substrate and Chromogen Systems 

Antibody molecules cannot be seen with the light microscope unless they are labeled. A 
variety of labels have been used including fluorescent compounds and their active enzymes, 
all with the property of inducing the formation of a colored reaction product from a suitable 
substrate system to allow visualization. Some of these systems can be employed in electron 
microscopy by rendering the reaction product electron dense through appropriate treatment. 
Alternatively, particulate labels such as gold, ferritin, or viral particles can be used (Leong 
1993). 

Common chromogen systems currently in use include diaminobenzidine (DAB), 3- 
amino-9-ethyl-carbazole (AEC), Hanker-Yates reagent, alpha-naphthol pyronin used with 
peroxidase as substrate; fast blue, fast red, BCIP- (5-bromo-4-chloro-3-indolyl phosphate) 
NBT (nitroblue tetrazolium) used with alkaline phosphatase as substrate; tetrazolium, 
tetranitroblue tetrazolium used with glucose oxidase as substrate, and immunogold with silver 
enhancement (Leong, 1993; Leong et al, 1997a). 
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AEC is alcohol soluble and its crisp red color contrasts well against hematoxylin. To 
avoid removal of the alcohol-soluble product, a non-alcohol based stain like Mayer’s 
hematoxylin should be used. AEC has two reactive sites so that when one is converted it turns 
red but when both are saturated a green-brown color results. Aquamount causes slow loss of 
the stain and glycerol mounting is required, rendered permanent by sealing the edges of the 
cover slip. AEC may be chosen because it may be a lower-risk carcinogen compared to DAB. 

Clearly, a number of chromogenic systems are available and may be varied between 
laboratories. The horseradish peroxidase-DAB system is probably the most widely favored as 
the brown reaction product contrasts well against a wide range of counterstains and 
mountants. DAB is not only alcohol resistant but can be visualized in the electron 
microscope. Osmification can produce a more intense dark brown-black color and a similar 
effect is achieved by post-treatment with nickel sulphate or cobalt chloride but such 
enhancement is seldom necessary. The reaction product is relatively stable with fading 
occurring only after years in routine storage. 


Antigen Retrieval 

One of the earliest methods of antigen retrieval was proteolytic digestion of tissue 
sections employed prior to the application of the primary antibodies. A number of proteolytic 
enzymes served this purpose, including trypsin, proteinase K, pronase, pepsin, ficin, DNase, 
and others (Leong 1993, Leong et al, 1997a; Miller et al 2000). Not only are the enzymes 
different but there is also variation in concentration, duration, and temperature of digestion. 
Furthermore, not all antigens benefit from proteolytic digestion, and some show deleterious 
effects with loss of staining (Leong and Gilham, 1989). In addition, inappropriate protocols 
result in tissue breakdown and loss of morphology with high levels of background and false¬ 
positive staining. 

The introduction of heat-induced antigen retrieval signified a major milestone in 
immunohistology, greatly enhancing our ability to demonstrate antigens in FFPT with greater 
consistency (Shi et al, 1991; Leong et al, 1993a, 1993b; Gown et al, 1993; Cuevas et al, 
1994). The initial technique was achieved with MWs, which has remained the most 
convenient method for antigen retrieval, but a variety of other methods of generating heat 
have since been spawned including water baths, hot plates, wet autoclaves, pressure cookers, 
and vegetable steamers. Shi et al (1991) described MW heating of FFPT in the presence of 
heavy metal solutions, such as lead thiocyanate, up to temperatures of 100° C to “unmask” a 
wide variety of antigens for immunostaining. It was subsequently shown that MW-irradiation 
of deparaffmised-rehydrated sections in 10 mmol citrate buffer at pH 6.0 produced, with few 
exceptions, increased intensity and extent of immunostaining of a wide variety of tissue 
antigens (Leong et al, 1993a; Gown et al, 1993; Cuevas et al, 1994). The use of citrate buffer 
eliminated the need to employ heavy metal solutions which, when heated, generate toxic 
fumes. Several commercial antigen retrieval reagents are available but they mostly do not 
produce any better results than that obtained with citrate buffer (Leong et al, 1996). 

MWs are a form of non-ionizing radiation with a typically standard frequency of 2.45 
GHz, a wavelength of 12.2 cm and photon energy of 10" 5 electron volts. When dipolar 
molecules such as water or the polar side chains of proteins are exposed to the rapidly 
alternating electromagnetic fields, they oscillate through 180° at the rate of 2.45 billion cycles 
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per second. The molecular movement or kinetics so induced results in the generation of 
instantaneous heat that is proportional to the energy flux and continues until radiation ceases. 
It was only recently recognized that molecules other than water and the polar side chains of 
proteins may oscillate in the electromagnetic field generated by MWs. Molecules with an 
uneven distribution of electrical charge such as inorganic material and copper oxides can also 
be rotated (Leong 2005). 

All methods of heat generation listed above suffer from problems with accurate 
temperature and time control. These two variables have been shown to be critical to the 
process of heat-induced antigen retrieval. They are inversely related so that antigen retrieval 
at lower temperatures requires longer durations to achieve the same results as that obtained 
with higher temperatures (Chaiwun et al, 2000). The time taken to attain the desired 
temperature from variable starting temperatures, time required to cool to room temperature, 
and actual temperature attained are variables that cannot be controlled with most methods of 
heating. Furthermore, there is the problem of unevenness of heating within microwave 
cavities, making the entire process impossible to standardize with resulting inconsistencies in 
methodology. Computerized control of time and temperature that is available with some 
commercial MW instruments takes the guesswork out of heat-induced antigen retrieval. 
Accurate time and temperature control not only produces superior antigen retrieval across the 
spectrum of diagnostic antigens but accurate heating to 120°C or “superheating” has proven 
to produce notably better antigen staining (Figure 4a and 4b) (Leong et al, 2002a). 

Our understanding of the effects of formaldehyde on proteins dates back to work done in 
the 1940s (Fraenkel-Conrat et al, 1947; Fraenkel-Conrat and Olcott, 1948a, 1948b). A recent 
comprehensive review of the fixative action of formaldehyde and antigen masking is 
available (Shi 2000). The amino acid side chain of proteins includes many groups that may 
react with aldehydes that contribute to the stabilization of proteins. However, despite the vast 
literature on the subject of protein modification by formaldehyde, there is no clear consensus 
as to which are the predominant molecular species resulting from this method of fixation. 
There is no doubt that some of the cross-linked adducts are very stable and remain 
irreversibly changed even after extensive washing, while others revert under varying 
conditions to free formaldehyde and the amino acid (Pearce 1980). Without a complete 
understanding of the actions of formaldehyde on proteins, it is not surprising that we do not 
fully understand the mechanisms of antigen retrieval. 

Heat appears to be a common denominator in antigen retrieval produced by a variety of 
methods including MWs. Heat is hypothesized to cause protein denaturation based on the 
observation that some antigens or endogenous enzymatic activities may be lost after heat 
treatment (Cattoretti et al, 1993) and heat induces reversal of various chemical modifications 
of the protein structure that result from formalin fixation. Other actions that produce antigen 
retrieval include the loosening or breakage of the cross-linkages caused by formalin fixation, 
hydrolysis of Schiff bases, and multiple pathways including extraction of diffusible blocking 
proteins, precipitation of proteins, and dehydration of the tissue sections to allow better 
penetration of antibody and increased accessibility to epitopes (Suuurmeijier et al, 1993), all 
or some of which may be achieved by other methods of retrieval including enzyme digestion 
and changes in pH. MW energy may itself mobilize the last traces of paraffin that may not 
have been extractable by standard techniques, thereby improving antibody penetration (Gown 
et al, 1993). 
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Figure 4a and 4b 


Figure 4. (a) A section of tonsil stained for CD45 following antigen retrieval in citrate buffer pH6.0 at 
98°C. (b) The adjacent section stained for the same antigen following antigen retrieval in citrate buffer 
pH6.0 at 110°C showed visibly stronger staining. 

It was proposed that the calcium complex formation that occurs with formalin fixation 
may mask antigens and that the release of calcium from this cage-like complex may require a 
considerable amount of energy such as high temperature heating and calcium chelation by 
citrate (Morgan et al, 1997). However, it has been argued that while this calcium effect may 
be acting with some antigens it may not be sufficient to explain the loss of immunoreactivity 
for many other antigens and is unlikely to represent the general mechanism of antigen 
retrieval (Shi et al, 2000). 

The role of kinetics in antigen retrieval is also not known. While the focus has been on 
heat as the responsible factor in MW retrieval, the rapidly oscillating electromagnetic field of 
MWs may itself have an effect on chemical reactions and proteins. While heat or thermal 
energy will increase molecular kinetics and hasten chemical reactions, the rapid rotation of 
molecules directly induced by the MWs will give rise to greatly increased collision of 
molecules, which will in turn accelerate chemical reactions. The heat generated may represent 
only an epiphenomenon secondary only to the kinetics. One study that examined MW 
stimulation of CEA/anti-CEA reaction in an enzyme-linked immunosorbent assay system 
found that despite continuous cooling by ice MW stimulation increased reaction rates by a 
factor of 1000, allowing the investigators to conclude that such rate increases were far too 
large to be explained solely by the modest increase in temperature (Hjerpe et al, 1988). 
Another study went further to elucidate the existence of a “microwave effect” (Choi et al, 
1997) The authors showed that the rate of droplet temperature increase obtained in a thermal 
cycler was similar to that achieved by MW irradiation. However, the immunostaining 
obtained from a 3-minute incubation at 37°C in the thermal cycler followed by 2-minute 
incubation without heating was much weaker than that seen with MWs. Similarly it was 
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demonstrated that 7-s MW irradiation followed by 5-min room temperature incubation for 
each step of the avidin-biotin peroxidase complex procedure produced good immunolabelling 
(Takes et al, 1989). The droplet temperature raised no more than 5°C following 7-s irradiation 
at 100% power in a 850-watt oven (Choi et al, 1997) so that temperature was not a significant 
component of the accelerated reaction. Others have argued that there is no significant MW 
effect and the accelerated reactions are a function of heat. It has been concluded that MW 
irradiation did not produce cleavage or polymerisation of proteins and irradiation resulted an 
electrophoretic pattern that was similar to that obtained when lysozyme and hemoglobin was 
heated in formaldehyde to 60° C for 30 min (Hopwood et al, 1988). Interestingly, results to 
the contrary have been shown in a study of S-adenosylhomocysteine hydrolase and 5’- 
methylthioadenosine phosphorylase, two thermophilic and thermostable enzymes, where 
exposure to MWs caused a non-thermal, irreversible and time-dependent inactivation of both 
enzymes (Porcelli et al, 1997), 

In a model immunostaining system using short synthetic peptides to mimic the antibody¬ 
binding site of common diagnostic protein targets, Sompuran et al (2006), found that not all 
of the peptides studies exhibited the formalin-fixation and antigen retrieval phenomenon. One 
group of peptides was recognized by antibody even after prolonged exposure to formalin 
while another group exhibited the formalin-fixation and antigen-retrieval phenomenon only 
after another irrelevant protein was mixed with the peptide before fixation. Amino acid 
sequence analysis indicated that fixation and antigen retrieval were associated with a tyrosine 
in or near the antibody-binding site bound covalently to a nearby arginine implicating the 
Mannich reaction as an important factor in the process. 

The Mannich reaction is a complicated, multistep interaction, which firstly involves a 
reaction between formaldehyde and an amine to produce an iminium ion. The iminium ion 
may then react with another carbonyl-containing molecule to form an intermediate product 
and for this to occur, the carbonyl-containing molecule must be in an enol configuration. In 
the final step of the reaction, the iminium ion and the enol react together to form a stable 
product. The findings of Sompuran et al (2004) concurred with those of Fraenkel-Conrat et al 
(1947, 1948) who had indicated that of all the protein cross-linking reactions that occur as a 
result of formalin fixation, the Mannich reaction is different, in that the cross-linkages can be 
hydrolysed with heat or alkaline treatment. Antibodies appear to recognize linear protein 
epitopes in FFPT and antigen retrieval may simply remove cross-linked proteins that are 
sterically interfering with antibody binding (Sompuran et al, 2004; 2006). The recent 
demonstration that antigen retrieval produces immunohistological staining results in FFPT 
that are comparable or better than that in acetone-fixed fresh frozen section (Shi et al, 2008) 
and that heat-induced antigen retrieval enhances immunostaining in unfixed fresh frozen 
sections and dot-blot protein extracts (Kakimoto et al, 2008) is further support of the concept 
that intrinsic natural steric barriers exist and interfere with antibody binding. The 
demonstration that MWs can also be employed to enhance the demonstration of HER2/neu 
gene in chromogenic in-situ hybridization (CISH) is particularly interesting and it suggests 
that similar mechanisms may be operative in the ‘masking’ of DNA (Leong et al, 2007). 
However, it would seem that these observations provide some insights into the action of 
antigen retrieval with some peptides but answers to the majority still remain unknown. 

The demonstration that exposure to ultrasound (Portiansky et al, 1996) can significantly 
increase antibody-antigen reaction in immunostaining lends further support to the relevance 
of molecular movement as an important factor in the acceleration of the chemical reaction as 
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the amount of heat generated by this physical modality is negligible (Leong 2005). A number 
of other hypothetical physical mechanisms may also play a role in the actions of MWs. 
Although the proton energy generated in MW fields is too small to alter covalent bonding, 
they may readily affect the integrity of non-covalent secondary bonding, including 
hydrophobic interactions, hydrogen bonds and van der Waal’s interactions that make up the 
precise steric interactions at the cell membrane. 

The combination of heat retrieval with enzymatic digestion has allowed enhanced 
demonstration and localization of a number of antigens including the immunoglobulins 
(Leong et al, 2002). Proteolytic digestion can be performed with a number of enzymes, and at 
varying concentrations and for varying durations. It can precede or follow heat induced 
antigen retrieval with different results. For optimal outcomes, it is necessary to explore all 
possible combinations and permutations of these variables with the realization that excesses 
can result in loss of antigen and cell morphology. 

The chemical composition of the retrieval solution may affect the efficacy of the process 
and a wide variety of solutions have been advocated including citrate buffer, Tris buffer, 
glycine-hydrochloric acid, EDTA, urea, heavy metal solutions, and other proprietary reagents. 
The molarity of the solution may also significantly influence immunostaining (Taylor et al, 
1996). 

The pH of the retrieval solution has been shown to be one of the most important factors 
in antigen retrieval (Figure 5a and 5b). Three patterns of staining reflect the influence of pH. 
Some antigens (CD20, AE1, EMA, NSE and PCNA) showed no variation at pH values 
ranging from 1.0 to 10.0, other antigens (MIB1, ER) displayed a dramatic decrease in staining 
intensity at middle pH values (pH 3.0-6.0) with strong staining above and below the range, 
and a third pattern was demonstrated by other antigens (CD43, HMB45) which were weakly 
stained at low pH (1.0-2.0) and displayed a sharp rise in intensity with increasing pH (Shi et 
al, 1995). 

We have previously demonstrated the use of MWs to accelerate antibody-antigen 
reactions in the staining of labile lymphocyte membrane antigens in cryostat sections and the 
exposure of cryostat sections briefly to MWs before the commencement of immunolabelling 
produced better quality cytomorphology and staining (Leong and Milios, 1986). A similar 
procedure has been adopted for freshly frozen brain sections with notable enhancement of 
immunostaining, without affecting the integrity of cytomorphology (Boon et al, 1988). MWs 
have been successfully used to accelerate immunolabelling in paraffin-embedded sections 
(Leong et al, 1990) and the same technique has been applied for immunofluorescence labeling 
(Chiu et al, 1987). 

MWs have been applied between sequential rounds of a three-layer immunoenzyme 
staining (mouse Mab, goat anti-mouse IgG and mouse PAP or mouse APAAP) and color 
development technique for multiple antigen detection (Lan et al, 1995). The MWs denatured 
bound antibody molecules resulting in the blocking of cross reactivity between the sequential 
staining steps, allowing the use of primary and other antibodies raised in the same species. 
Besides serving a role in antigen retrieval, MWs also inactivated peroxidase and alkaline 
phosphatase enzymes present in PAP and APAAP complexes, which would otherwise have 
led to inappropriate color development. 
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Figure 5a and 5b 


Figure 5. Staining for Her2 protein following antigen retrieval performed at different pH. (a) Following 
antigen retrieval in citrate buffer pH6.0 there was only focal staining compared to (b) diffuse staining 
when retrieval was performed in citrate/EDTA buffer at pH8.0. 


Antibodies and Detection Systems 

While the ever-increasing range of antibodies is a boon to diagnostic immunohistology, it 
can be confusing, as one needs to be familiar with the specificity and sensitivity of the reagent 
that is used. There is also an increasing choice of antibodies that are purported to detect the 
same antigen but, in fact, detect different epitopes, albeit of the same antigen. For example, in 
the case of the antibodies to estrogen receptor (ER) H222 and ID5, the former labels ER only 
in frozen sections and not in fixed paraffin-embedded sections, whereas, the latter displays 
the reverse properties, suggesting that they detect different epitopes on the same antigen. The 
sensitivity of different antibody clones directed to the same antigen may also vary 
significantly (Figure 6a and 6b). It has been shown that two antibodies to proliferating cell 
nuclear antigen (PCNA), namely 19A2 and PC 10, show vastly different sensitivities (Leong 
et al, 1993), and proliferation indices obtained with these two markers are significantly 
different to other markers of cycling cells such as MIB1, Ki-67, KiSl, and KiS5 (Leong et al, 
1995). 

The manufacturer’s antibody concentration and methodology serve as useful guides but 
each new antibody has to be carefully optimized as the vagaries of pre-analytical and 
analytical variables differ between laboratories. Antibodies produce a positive reaction over a 
range of concentrations and selection of the optimal concentration is largely one of individual 
choice (Figure 7a and 7b). Many laboratories and quality assurance programs favor an intense 
dark brown to almost black diaminobenzidine reaction product. We recommend a golden 
brown color, which does not obscure the cytomorphological features in the section, an all- 
important attribute in immunohistology. 

Care should also be taken to store antibodies at the appropriate temperature. After 
aliquoting required working amounts of primary antibody for dilution, the antibody 
concentrate should be stored at -20°C or preferably -70°C. Antibody concentrates stored at 
the latter temperature can remain effective indefinitely despite their ‘use by date’. When 
stored at 4°C, antibodies have a shorter shelf life. 
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Figure 6. Staining obtained with two antibody clones to proliferating cell nuclear antigen (PCNA). 
Antigen retrieval and staining procedures were identical for the two antibodies, (a) Clone 19A2 showed 
a proliferating index of 75% compared to (b) to a 98% proliferating index in the adjacent section of 
breast cancer when stained with clone PC 10. 



Desmin at 110 Deg 

2; i-« ;• m c* 

e ^ ) ftsr 6 "&■ 

. I J.-.H 


Macroscopic view of Slides 



Des at 110 Deg. 1 in 100 (20X) 


Des at 110 Deg. 1 in 800 (20X) 


DesatllODeg. 1 in 2.400 (20X) 


Figure 7. (a) Optimization graph for anti-desmin antibody at 98oC and 1 lOoC. With increasing 
concentrations of the antibody a plateau is attained where the target antigen is positively labelled, 
identified as “B”. Antibody concentrations above this plateau resulted in background staining, indicated 
as “A” on the graphs. Corresponding stains obtained with three dilutions from the plateau are shown in 
(b) after antigen retrieval at 1 lOoC. There is clearly a choice of dilutions that are ‘positive’ and the 
choice is subjective 
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The process of antibody optimization also requires that different temperatures of antigen 
retrieval be explored, and although citrate buffer at 10 mMol/litre is a good universal retrieval 
solution, a higher pH may be required for more capricious antigens as previously discussed 
(Shi et al, 1995). In addition, the synergistic action of proteolytic digestion should be 
routinely explored as a pre-MW and post-MW procedure. 

Antigen detection systems vary significantly in sensitivity. The ability to detect small 
amounts of antigen not detectable by previous less sensitive techniques requires that we must 
continually adjust our diagnostic criteria to incorporate new immunohistological information. 
In some situations, the markedly increased sensitivity of the detection system can result in a 
high background and accurate localization of the signal can be lost when the signal to antigen 
ratio is increased considerably. This is demonstrated in the staining for C4d where 
localization of the antigen to peritubular capillaries is not discemable with ultrasensitive 
polymer detection systems like the EPOS (DakoCytomation, Sydney, Australia) because of 
extension of the staining beyond the capillaries into the inter-tubular interstitium (Figure 8a 
and 8b). 



Figure 8. Transplanted kidney stained for C4d using (a) an ultrasensitive polymer detection system 
(EnVision) and (b) standard strepavidin-biotin peroxidase system. There was clear staining of 
peritubular capillaries in (b) compared to the polymer system where the stain extended into the 
intertubular interstitium masking the capillaries. 


Automated Immunostaining 

With the adoption of immunohistochemistry as an integral component of morphologic 
diagnosis, there has been a proliferation of automated immunostaining devices. These devices 
serve to produce timely results and consistency of staining within the individual laboratories. 
Importantly, they performed the many slow and repetitive steps of application of reagents and 
antibodies, monitoring of incubation times, and washing and wiping of slides after each step 
that are otherwise operator-dependent in the manual procedure and may be prone to error. 
While automation has been embraced with enthusiasm, it comes with its own price in that 
each device employs a different system, especially in the antibody concentration, duration of 
incubation and method of antibody incubation. Capillary gap Stainers employ surface tension 
for the antibodies and reagents to ascend to immerse the tissue section, whereas other devices 
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‘blow’ a fixed aliquot of reagent over the tissue section or drop the reagent over the section. 
Some devices are ‘closed’ systems that require specific proprietary reagents, whereas others 
are ‘open’ and can be used with reagents from other sources although the detection system 
remains fixed. Importantly, some systems employ polymer detection systems, whereas the 
majority use variations of the conventional avidin-biotin peroxidase system. The temperature 
at which incubation is performed can vary with each device. Thus although automated 
immunostaining devices are useful they introduce a further set of variables that will differ 
between laboratories. Within the same laboratory, automated devices can produce 
inconsistencies that often cannot be accounted for (Figure 9). 


Controls 

As with all laboratory procedures positive and negative controls must be employed in 
immunohistology. Negative controls take the form of tissues that are known not to contain the 
antigen of interest. Another form of negative control includes the substitution of the primary 
antibody with antibody diluent, non-immune immunoglobulin or an antibody of irrelevant 
specificity derived from the same species and at the same dilution. 

It used to be thought that absorbing the primary antibody with highly purified protein or 
the peptide antigen employed to generate the primary antibody produced an ideal negative 
control. This eliminated the binding of the antibody to the protein in the section. However, it 
has been shown that the absorption control may not bind to the same protein that was used to 
generate the primary antibody, which, furthermore, may recognize a similar epitope of 
unrelated protein, especially after tissue fixation (Willingham 1999; Burry 2000). 

The most appropriate control for any immunostain would be an internal control because it 
would have been subjected to identical pre-analytical and analytical variables as the test 
tissue. However, such controls are invariably non-lesional or benign cells that express the 
antigen of interest at levels different to the tumor cells and are thus not ideal controls. 
Nonetheless, they are currently the best controls available. 



Figure 9. A section of colonic adenomatous polyp stained for CDX2 in an automated device. Despite 
identical conditions, in one run (right image), the staining was inexplicably weak. 
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The alternative, an external control of similar tumor tissue known to express the antigen 
of interest, would have been subjected to an entirely different set of pre-analytical variables. It 
is inappropriate to use benign tissue as external controls when examining tumor cells. 

Reference standards for quality control of reagents and tests in the clinical laboratory are 
well established. Such standards can be obtained from pooled serum but the development of 
reference standard controls for immunohistology is subjected to many more obstacles. Unlike 
serum samples, pathological tissues cannot be pooled and their supply is not limitless. 
Furthermore, morphologically similar tumors are not necessarily antigenically identical. The 
use of multitissue blocks provides a solution to some of these problems. Multi-tissue blocks 
are prepared by binding together with sausage skin many slivers of a wide range of different 
tumors to serve as both positive and negative controls. Similar blocks can also be made of 
non-tumor tissue, however, but all such blocks also contain a limited amount of material. 
When testing for tumor antigen, it is more appropriate to employ multi-tumor blocks as 
controls as the level of antigen is more likely to correspond to that in the test section than if 
multi-non tumor blocks were the control. 

Microtissue arrays are a possible solution to the limited supply of control tissue. 
Microarray blocks allow the incorporation of 200-300 fine tissue cores into blocks that can be 
used for controls against a wide variety of antibodies and as the cores are small (0.5-1.5 mm 
diameter) much of the original tissue block remains preserved. Microtissue arrays should be 
used with the recognition that each core of tissue has been subjected to different fixation and 
processing so that the level of antigen preservation in each of the 200-300 tissue samples are 
different and by no means standardized. 

Recognition of this deficiency in controls led to the development of the ‘Quicgel’ control 
which was an artificial tissue control block using a breast cancer cell line which was added to 
the tissue cassette containing the test sample (Riera et al, 1999). This method requires the 
availability of suitable cell lines expressing the antigen in question, which needs to display 
consistent behavior under cell culture and storage. An extension of the ‘Quicgel’ method is 
‘histoids’ in which three-dimensional pellets are grown in centrifugal cell culture to produce, 
in theory, an unlimited supply of ‘faux tissue’ controls. If three or more cell lines are co¬ 
cultured, the faux tissue can be employed as controls for many of the commonly employed 
antibodies including controls for fixation and the processing steps. Alternatively, it has been 
suggested that it may be possible to develop preparations of purified protein that can be 
diluted to produce a series of known reference standards for both Western blotting and 
immunohistochemistry (Taylor 2006). 

In quantitative procedures, a validated control expressing the range of scores is included 
alongside the test section so that it is subjected to the identical staining procedure. Closer 
examination of this common practice reveals that such ‘controls’ are not optimal simply 
because they have been subjected to different pre-analytical variables, e.g., fixation and tissue 
processing may be quite different to the test tissue. As such, titrating the staining procedure to 
such ‘controls’ can be misleading and inappropriate. Ideally, both controls and test must be 
subjected to identical pre-analytical and analytical conditions so that the state of antigen 
preservation in both tissues is identical. 

It is clear from the foregoing discussion that the question of appropriate controls has not 
been satisfactorily answered. As a consequence, this deficiency and the fact that variables 
cannot presently be standardized between laboratories and between specimens, all 
quantitative measures in immunohistology, many of which are subjective, should be viewed 
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with skepticism and caution especially if therapeutic decisions are based on assigned scores 
(Leong 2004a; 2004b). 


Test Validation 

As the immunohistological assay becomes more frequently employed as a prognostic as 
well as predictive tool in cancer, there is a gradual realization that the test requires careful 
validation. All too often an antibody is purchased that is claimed by the vendor to be specific 
for a cancer and this is run against a few such cancers that are high expressors of the protein. 
Titration and optimization of the antibody may be performed, although even these procedures 
are may not be done and the manufacturer’s recommendation are simply followed without 
regard for the variations in pre-analytical and analytical factors operative for the individual 
laboratory. Such testing is not the same as validation, which requires that the testing be done 
against a large number of both positive and negative specimens. While all the criteria for 
clinical validation that include a definitive clinical study with a sample size that is adequate 
for statistical analysis, methodological validation, and optimized cutoff value cannot be 
adhered to, immunohistological prognostic and predictive markers must reliably predict 
outcomes or response to treatment in the patient samples used for validation (McGuire 1991). 
Indeed, the arguments for validation of prognostic and predictive markers can also be 
extended to all other diagnostic markers as identification and specific typing of a neoplasm 
can rise to the level of a predictive test as specific chemotherapeutic agents and regimens 
have been developed to many tumors and treatment becomes highly individualized. 

This requirement for appropriate validation was first imposed in the recent guidelines for 
HER2 testing in breast cancer (Wolff et al, 2007). Both technical and clinical validation 
should be performed for the immunohistological assay. Ideally, a valid method should show 
substantial equivalence with protein expression or a clinically relevant surrogate or 
methodological identity to the original clinical validation assay. This is easier said than done. 
Validation against the original clinical validation assay is difficult or even impossible and the 
alternative is validation against a recognized ‘gold standard’. In the case of HER2, there is in 
reality no such ‘gold standard’, neither FISH nor immunohistology is accurate in predicting 
outcome in 100 per cent of cases (Leong and Leong, 2006; Vogel et al, 2002) and we have to 
settle for substantial methodological or analytical equivalence to the original study using a 
validated sample set or cross-validation with an alternative validated method, in this case 
either FISH or immunohistology. 

Another method of validation is through interlaboratory comparison or comparison with a 
reference laboratory whose testing has been validated. In the latter situation the question 
arises as to ‘what constitutes a reference laboratory?’ Even large-volume, so-called central 
laboratories, can fall short of required standards. Concordance between two such laboratories 
for FISH was 92% and between FISH and IHC was 82% (Dybdal et al, 2005), figures that fall 
short of the 95% recommended by the recent HER2 Testing Guidelines (Wolff et al, 2007). 
When results from a peripheral laboratory were compared with those obtained in a central 
reference laboratory the concordance for FISH and IHC were 88.1 and 81.6% respectively 
(Perez et al, 2006). Reproducibility and concordance between laboratories is clearly a 
problem that extends to other prognostic and predictive markers as exemplified by inter- 
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laboratory comparisons of estrogen and progesterone receptor assays where reliable assays 
were found in only 36% of participating laboratories in Europe (Rhodes et al, 2001). 

It has been suggested that validation exercises may not be necessary if a validated 
commercial method is employed and the vendor’s protocol carefully followed. This clearly is 
not true as pre-analytical factors are so different between laboratories that standardization of 
the staining method is not a guarantee of uniformity of sensitivity. 

Another method of validation is the use of standard samples from an approved source but 
such sources and tissue are not currently available. The use of consensus positive and 
negative tissue in the form of tissue microarrays is a possible substitute (Fitzgibbons et al, 
2006). Alternatively, tissue samples from cases accessioned by your own laboratory known to 
harbor the target protein by non-IHC means can be used, but in all these situations it has to be 
remembered that there is no fixation or processing standard so that agreement between 
laboratories and between samples is subject to pre-analytical variables discussed previously. 
Clearly the ideal validation procedure would be against patient outcome but this is a costly 
exercise and often not practical as they require appropriate numbers of patients and a 
prospective study. 

The recent HER2 testing guidelines suggest 25 to 100 samples as sufficient numbers for 
validation. However, 25 samples may not be sufficient to achieve concordance between 
laboratories or methods in any validation exercise as the probability of making the 95% 
concordance standard is significantly less than 0.5 according to the Table A8 of the 
Guidelines (Wolff et al, 2007). 

The setting of rigorous performance standards in prognostic and predictive testing (with 
potential extension to all IHC staining) will have consequences. If proficiency is regulated, 
those laboratories not meeting the required 95% concordance benchmark may have to cease 
testing in the United States and elsewhere where proficiency is regulated. This raises again 
the previous question of what is a validated method as currently there is no objective arbiter 
of what is valid. 


Post-Analytical Phase 

While the post-analytical phase also includes generation and delivery of the 
results/reports, these aspects will not be discussed here. 


Interpretation 

Some of the problems encountered in this area result from the lack of well-defined 
standards of what constitutes a positive result and if there are grades or degrees of positivity. 
There is no consensus of what is an adequate threshold or cut-off. What percentage of cells 
displaying immunoexpression is required to for a lesion to be positive? Undoubtedly, this 
figure varies among observers and is very much influenced by the quality and sensitivity of 
the staining procedure in different laboratories. If the cells that take up stain are 
cytomorphologically atypical and correspond to the tumor population, then no more than a 
few definitely stained tumor cells are necessary for a positive result. Often, larger numbers of 
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positive tumor cells can be demonstrated in this situation by simply increasing the primary 
antibody concentration or increasing the duration and/or temperature of the antigen retrieval 
process. It should be borne in mind that when the cutoff is set at 10% the highest degree of 
interobserver concordance is achieved and concordance falls to unacceptable levels when the 
cutoff for some immunohistological stains is set higher (see below). 

In a way, the selection of a cutoff level for any immunostain represented an excursion 
into some form of quantitation. Pathologists often report immunohistological stains in some 
semiquantitative manner by grading the intensity of staining as ‘negative’, ‘weak’, ‘moderate’ 
or ‘strong’; or numerically as ‘O’, ‘1+’, ‘2+’ or ‘3+’, and would assess the extent of staining 
in the tumor as ‘focal’ or ‘extensive’, sometimes based on a percentage of tumor cell staining. 
Such methods have not been standardized and cut-off values, intensities, and extent of 
staining carry little relevance when immunohistology is employed in a qualitative manner as 
the question asked ‘is the tumor positive?’ for a specific antigen and not ‘how positive is the 
tumor?’ However standardization becomes immensely relevant when some quantitative value 
has to be assigned to the results. Problems associated with quantitative immunohistology have 
been discussed elsewhere (Leong 2004a). Essentially, because it is virtually impossible to 
control or standardize the pre-analytical factors that influence the preservation of antigens in 
FFPT, quantitation becomes farcical. In the ideal situation, clinicopathological validation for 
each laboratory’s staining procedure and results should be conducted but even so, it has been 
argued that such retrospective studies are usually conducted on selected material from one 
institution where fixation and tissue processing are relatively uniform and staining is batched 
to a single run, further minimizing variation. This is very different to the situation in routine 
diagnostic practice. Simple variation in chromogen incubation times can produce vast 
differences in stain intensity that can severely affect visual quantitation. Indeed, one widely 
acknowledged expert has observed that even with automated immunostaining there can be a 
“daily variation in optical density of as much as 30% for estrogen receptor, when the same 
block of tissue was used as a daily control” (Seidal et al, 2001). There have been 
recommendations that quantitative immunohistology be conducted only after validation 
procedures are carried out by comparing results with those achieved by another technology 
such as FISH, or by comparing with an external control such as cell lines calibrated by 
immunohistology or FISH. Even if reference cell lines are stained alongside the test material, 
it must be remembered that the ability to stain the control tissues appropriately only serves to 
control the staining procedure. Only when controls and test materials are subjected to the 
same pre-analytical and analytical variables are they truly comparable but such conditions 
will be almost impossible to achieve. Until both controls and test are subject to identical 
conditions of preparation all results obtained by visual quantitation of immunohistological 
stains are, at best, approximations (Leong 2004b). 

Other variables that are relevant to quantitative immunohistology include the area of the 
tissue section to assess: random versus peripheral versus central versus invasive tumor versus 
in situ tumor. With assessments such as the Ki-67 proliferative index, should areas of highest 
activity be counted or should counts be conducted randomly? With counts for vessels, should 
values be based on the relative area (hence volume) occupied by the vessels or density? 
Interpretation of positive staining can be particularly difficult in the case of some nuclear 
antigens such as Ki-67, p53, and ER due to nucleolar staining, resulting in significant 
interobserver variation. While stain enhancement techniques using metallic ions or organic 



Quantitative Immunohistology 


103 


compounds have been employed to assist visualization, many of these only change the color 
of the chromogen and do not truly enhance staining. 


False-Positive, False-Negative, Cross-Reactivity and 
Aberrant Expression 

Familiarity with the characteristics and specificity of the antibody used will avert 
incorrect interpretation. A positive stain is heterogenous in the section and heterogenous in 
the cell. Antigens often show specific organelle localization. For example, cyclin D1 is a 
nuclear antigen and cytoplasmic or membrane staining should not be read as a positive result. 
On the other hand, the ALK protein is commonly located to the nucleus and cytoplasm of 
anaplastic large cell lymphoma as a result of t(2;5). However, in as many as 28% of cases 
where there is a variant translocation, staining is confined to the cytoplasm and/or cell 
membrane. This cytoplasmic and membrane localization should not be interpreted as a false¬ 
positive reaction as it represents the true distribution of a variant form of the ALK fusion 
protein (Stein et al, 2000). 

A large number of cell types and their corresponding tumors may display positive 
staining for proteins that are not anticipated. In this context the staining is called false 
positive, aberrant or cross-reactive and can potentially lead to incorrect diagnosis. 

Cross reactivity may occur with some antibodies. Polyclonal CEA cross reacts with non¬ 
specific cross-reactive antigens in granulocytes whereas the monoclonal version of this 
antibody does not. Some antibodies may cross react with common epitopes on different 
intermediate filaments such as cytokeratin antibodies with GFAP-expressing glial cells. 

When cells express proteins that are not expected, the phenomenon has been described as 
“aberrant” expression. In many cases the expression has been shown to be true expression by 
molecular analysis, such as the staining of cytokeratin in some mesenchymal cells and their 
corresponding tumors such as leiomyosarcoma, rhabdomyosarcoma, and angiosarcoma. 

True false positive staining may occur in a variety of situations. In the assessment of 
immunostains, an “edge effect” may be observed whereby cells in the periphery of the tissue 
section stain more strongly than the rest of the section. Often this is seen as a distinct 
peripheral band and may reflect better fixation of tissue in the periphery because of the slow 
penetration of fixative to the central parts of the tissue block. It may also be the result of 
reagents seeping beneath the section at the edges so that both surfaces of the section are 
stained. In any event this edge effect is more often than not true staining, albeit, enhanced in 
comparison to the rest of the section. In a somewhat similar vein, cracks and spaces in the 
tissue section can show non specific entrapment of reagents so that there is false positive 
staining of cells lining such spaces. 

A number of cell types may display false positive staining and these can be readily 
recognized as they clearly stand out against the otherwise negative staining cells of interest. 
Necrotic and apoptotic cells often show false staining because of increased oxidative 
enzymes, and areas of necrosis, in particular should be avoided when assessing immunostains 
or when attempting to quantitate. The stratum granulosum of the epidermis may show non¬ 
specific staining as do RNA-rich cells. Interestingly, cells rich in mitochondria may also stain 
non-specifically and in oncocytomas, the abundance of mitochondria can pose a problem in 
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the assessment of immunostaining. The same occurs with cells rich in lysosomes such as 
granular cell tumors, because of the abundance of oxidative enzymes within the lysosomal 
bodies. 

Certain tissues are rich in endogenous biotin and staining systems that employ avidin will 
produce non-specific staining unless the endogenous biotin is blocked. In particular tissues 
such as renal, liver and large bowel may routinely require blocking because of endogenous 
biotin. Alternatively, a detection system that does not use avidin may be employed. 
Gestational endometrial glands represent a potential pitfall as endogenous biotin may produce 
prominent intranuclear inclusions that mimic viral inclusions and are mistaken as such when 
they show false positive staining for viral antigens. In such situations, most irrelevant 
antibodies are likely to produce staining of the biotin inclusions that can be reduced with 
biotin blocking procedures or more conveniently eliminated by employing a system that does 
not use avidin such as the alkaline-phosphatase-peroxidase or EPOS (Dako, Santa Barbara, 
Calif, USA) systems (Cooper et al, 1997). 

Lastly, antigens may be phagocytosed by macrophages such as in the case of myoglobin. 
Myoglobin released from necrotic skeletal muscle in the vicinity of soft tissue tumors may be 
phagocytosed by macrophages that should not be mistaken for myoglobin immuno- 
expressing tumor cells. 


Receptor Detection for Targeted Therapies 

The drive for quantitation of immunohistological stains has largely escalated because of 
target therapies in an increasing number of cancers, as there is evidence to suggest that the 
response to such treatments is dependent on the amount of receptors expressed by the tumor 
cells. Currently, the number of tumors that can be treated in this manner is small but this form 
of therapy has potential to increase. 

Targeted therapy with humanized antibodies that have been validated include those to 
HER2/neu (Trastuzumab) in breast cancer, CD 117 (Imatinib, Glivec, STI571) in chronic 
myeloid leukemia and gastrointestinal stromal tumor, CD20 (Retuximab, Retuxam) in 
aggressive B cell lymphomas including mantle cell lymphoma and diffuse large cell 
lymphoma, CD33 (Gemtuzumab ozogamicin, Myotarg) in myeloblastic leukemia, Epidermal 
Growth Factor Receptor (EGFR) in colorectal cancer (Cetuximab, Erbitux) and non small cell 
lung cancer (Gefitinin, Iressa, Erlotinib, Tarceva), and the somatostatin receptors 
(Sandostatin, Octreotide) in pituitary and gastroenteropancreatic endocrine tumors. 

CD20 and CD33 staining are enumerated in the flow cytometer so that scores are based 
on the percentage of positive cells. Cutoff values are generally set at 90% and above. With 
immunohistological methods of receptor detection a variety of methods of scoring have been 
devised based on the percentage of positivity and intensity of staining of tumor cells. 

For the immunohistological scoring of EGFR in colorectal cancer and non-small cell lung 
cancer (NSCLC) at least three Food and Drug Administration (FDA) approved EGFR kits 
have been employed in clinical trials of monoclonal antibody based targeted treatment. These 
have included the Dako EGFR pharmaDx, Zymed EGFR kit and Ventana EGFR 3C6 
antibody. 
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One study comparing the sensitivity of these kits for EGFR detection in metastatic 
colorectal carcinoma found Zymed and Ventana kits to be more sensitive but a high 
concordance was observed for all three kits in the evaluation of intensely stained tumor cells 
(Penault-Llorca et al, 2006). Interestingly, when the authors examined scoring systems that 
combined the percentage of positive cells and staining intensity they found it to be not useful 
as staining intensity correlated with the percentage of positive cells. They also found that 
fixatives and the nature of the specimen did not influence staining results. Other studies have 
suggested that the Dako kit may be more sensitive especially for the prediction of survival 
with Gefitinib in NSCLC (Hirsch 2008) and that the percentage of positive tumor cells 
predicted benefit from gefitinib and not the intensity of staining (Hirsch 2008; Cappuzzo 
2005). Cutoff values have been chosen arbitrarily with some trials employing a cutoff of 1% 
or more positivity irrespective of membrane staining being complete or incomplete 
(Cunningham 2004; Saltz 2004), while others have adopted different values, reflecting the 
lack of a consensus concerning scoring for EGFR immunostaining (Goldstein and Amin, 
2001; Tos and Ellis, 2005). The conflicting results obtained with different reagents and cutoff 
values has raised question as to the reliability of immunohistochemical assessment of EGFR 
(Sabourin et al, 2005). 


Hormone Receptors and Her2/Neu in Breast Cancer 

One of the earliest immunohistological stains to be subjected to some form of 
quantitative evaluation was the staining of hormone receptors in breast cancer. In the case of 
estrogen and progesterone receptors, when the initial reluctance to accept immunohistological 
staining in place of cytosolic assays was overcome, there was pressure to adopt some method 
of quantitation to replace the quantitative results obtains from cytosolic assays. In our study, 
we found that 10% positivity corresponded to the 10 fmol cutoff adopted for the cytosolic 
assay of estrogen receptor (Raymond and Leong, 1990). Because of pressure to provide 
numbers to the stains we reported on two parameters for estrogen and progesterone 
immunohistological stains, namely intensity of stain, i.e., negative, weak, moderate and 
strong (or 0, 1+, 2+ and 3+, respectively) and the extent of staining, i.e., <10%, 11-25%, 26- 
50%, 51-75%, and >75%. The latter were chosen for convenience as they could, with 
experience, be assessed by examination with a low-power objective lens. Several methods of 
quantitation for hormone receptors have been proposed, and one of the more widely used 
methods employs both the intensive and extent of staining in a combined fashion (Barnes et 
al, 1996; Allred et al, 1998; Hervey et al, 1999). The scores are employed clinically to predict 
response to hormone therapy and for prognosis, despite the observation that a clinical 
response was obtained with tumors displaying as low as 1% of estrogen receptor positivity 
(Hervey et al, 1999) which led to the National Institutes of Health recommendation that any 
positive staining for estrogen receptor is considered to be a definitive result and indication for 
anti-estrogen therapy. More recently, it was demonstrated in a large number of patients that 
the distribution of estrogen and progesterone receptors is bimodal as is the distribution of 
Allred scores (Collins et al, 2005). This finding implies that these parameters predictive of 
response to hormonal therapy are generally either negative or positive, with only small 
number falling in between (Nadji 2008). 
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Immunostaining for HER2/neu protein has been a widespread method assessment in 
breast cancer. The overexpression of this protein has been confirmed to be an independent 
prognostic marker in node-positive and more recently, also in node-negative patients. More 
importantly, HER2/neu positive status predicts positive response to adriamycin-based 
therapies and poor response to tamoxiphen, even in estrogen receptor-positive tumors. The 
recommended scoring for HER2 is a 4-tiered system, where 0 = no staining; 1+ = faint/barely 
perceptible membrane staining in more than 10% of tumor cells, which only stain in part of 
their membrane; 2+ = weak to moderate complete membrane staining in >10% of tumor cells; 
3+ = strong complete membrane staining in >10% of tumor cells (Jacobs et al, 1987; Allred 
and Swanson, 2000). As with other quantitative scores in immunohistology these cutoffs are 
have been arbitrarily set and the 10% value was recently revised to 30%, again arbitrarily 
(Wolff et al, 2007). 




Figure 10a, 10b, 10c and 10d 


Figure 10. (a) There was strong and complete membranous staining in >10% of tumor cells for Her2 in 
this tumor attaining a 3+ score. However, Her2 was not found to be amplified by FISH. In contrast, the 
staining in another tumor (b) displayed a distinct ‘band’, which corresponded to amplification of the 
gene, (c) Depicts the reason for the band pattern of labeling as a 3-5 micron slice of cell is present in the 
tissue section, (d) Staining for CD79a a lymphocyte membrane protein also showed the distinctive band 
pattern as would be seen with other membrane proteins. 
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Scores 0 and 3+ are easy to identify, but it is more difficult to discriminate between 1+ 
and 2+, and between 2+ and 3+ as the distinction is largely based on subjective perception of 
the intensity of staining. Another issue of contention is the use of the 10% cutoff for a 
positive result (Leong and Leong, 2006). This value is entirely arbitrary and did not take into 
account the significance of heterogeneity in Her2 staining. When the cutoff was arbitrary 
raised to 60% in a multicenter study, a concordance of 95% was obtained with fluorescence in 
situ hybridization (FISH) (Vincent-Salomon et al, 2003). In the National Surgical Adjuvant 
Breast and Bowel Project studies, when 3+ cases were retested in a central laboratory 18 and 
26% were found to be negative (Paik et al, 2002; Roche et al, 2002). In one quality assurance 
program, it was found that when using an approved test kit for HER2, only 56% of 
participating laboratories attained acceptable staining (Miller et al, 2004). 

In view of the demonstrated subjectivity involved in adjudicating staining intensity and 
therefore percentages of positive-stained cells, it would be more accurate to associate 
immunohistochemical labeling with specific cell structures. For example, when Her2 
immunoexpression was linked to a specific pattern of membrane localization in that positivity 
was assigned only when the entire thickness of the section of cell membrane was labeled to 
produce a band-like staining pattern, a significantly greater degree of concordance with FISH 
was achieved (Leong et al, 2006) (Figure 10a, 10b, 10c and lOd). The HER2 protein is 
synthesized in the cytoplasm and transported to the cell membrane; so cytoplasmic staining is 
not an artifact. At the membrane in normal breast epithelium, HER2 aggregates in clusters, 
located predominantly in the basolateral aspect of the cells (Leong et al, 2006; Nagy et al, 
1999). When HER2 is upregulated, these aggregates become larger and eventually coalesce to 
give the appearance of linear membrane expression (Nagy et al, 1999). As the tissue section 
includes 3-5 micron-thick slices of cell membrane, the appearance of positive staining for 
HER2 should be visualized as a band (Leong et al, 2006), a pattern also seen with the staining 
of other cell-membrane localized antigens like epithelial membrane antigen, CD79a, CD20, 
and CD3. 


Interobserver Variability in Quantitative 
Immunohistology 

In one published study of interobserver reliability in the scoring of four markers used in 
colorectal cancer the authors suggested that interclass correlation coefficients for p53 and 
VEGF indicated substantial agreement between six observers when based on a ‘positive’ 
score with a predetermined cutoff (Zlobec et al, 2006). Closer examination of the results 
reveal that the interclass correlation coefficient was ‘strong’ (>0.75%) only for p53, an 
intranuclear marker when a cutoff of 10% was applied and ‘excellent’ (Kappa coefficient 
0.831) when no positivity versus any positivity was evaluated but fell significantly when 
other cutoff values were used. With the cytoplasmic markers VEGF, Bcl-2 and APAF-1 
Kappa coefficients were all <0.50 or ‘poor’ when values above 10% cutoff were used. Thus 
excellent or strong agreement was achieved when no positivity versus any positivity was 
evaluated and when 10% cutoff was employed. In other words, correlation was good for a 
‘yes’ or ‘no’ result or at a 10% cutoff, but when cutoffs were based on different values, 
correlation was weak suggesting that quantitation of immunohistology is unreliable and 
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expose the subjectivity of quantitative scoring. Interestingly, in subsequent publications from 
the same group, it was recommended that a ‘scoring method based on percentage of positive 
tumor cells, rather than on staining intensity’ be adopted (Zlobec et al, 2007). Furthermore, 
results from such studies reveal that nuclear staining is easier to assess compared to 
cytoplasmic staining where weak staining can pose difficulties in assessment (Kay et al, 
1996). It is for these reasons that we advocate localization of staining to specific anatomical 
structures as the most accurate method of assessing immunostains. 


Conclusion 

From the forgoing discussion it should be abundantly clear that many variables exist in 
the different analytical phases of the immunohistological assay (Leong and Leong, 2007). 
Some of these variables are critical to the preservation of tissue antigens in fixed paraffin- 
embedded sections and to attain reproducible quantitative results of immunostaining that are 
meaningful, these variables need to be standardized between laboratories and between 
different specimens accessioned by the same laboratory. The variables, particularly those in 
the pre-analytical phase are not within the control of the pathology laboratory and currently 
pose insurmountable obstacles to standardization. 

Antigen retrieval has been a major milestone in alleviating many of the problems related 
to the demonstration of cellular and tissue proteins in FFPT but careful consideration must be 
given to all the variables discussed previously and these need to be standardized. For this to 
happen international and national consensus groups can play an important role in their 
recommendations of optimal methods and procedures. The recent guidelines from the College 
of American Pathologists and American Society of Clinical Oncology for human epidermal 
growth factor receptor 2 testing in breast cancer is one such example (Wolff et al, 2007) 
although it is still a long way from enforcing standardization of the technology and 
methodology. 

Standardization of the significant differences in the variables that occur before 
accessioning by the pathology laboratory requires co-operation of the clinicians responsible 
for obtaining the specimens. One way of achieving this end is through some form of 
enforcement by peer groups. Delays in fixation should be minimized and the time placed into 
formalin should be recorded so that the total duration of fixation can be controlled. Specimens 
that do not conform to recommended optimal conditions cannot be regarded to produce 
acceptable quantitative results especially if all other laboratory procedures are standardized. 
For consistency, the laboratory should, as far as possible, adopt standard procedures for 
fixation, tissue processing, sectioning, and staining. Automated immunostaining devices 
provide a means of standardization of the staining protocol within the laboratory but the 
availability of several such commercial devices using different protocols makes uniformity 
between laboratories difficult. Antibodies should be stored in the appropriate manner at - 
70°C, with only aliquots of working dilutions stored at 4°C. Sections should be subjected to 
immunostaining as soon as possible after preparation. If delays are anticipated, the cut 
sections should be wrapped in foil and kept in a dark container at -20°C. As it is not possible 
to standardize the many variables that can influence antigen preservation in the sample, the 
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best alternative at present is to optimize the staining procedure in order to obtain the best 
results, and this is done against known positive controls of appropriate tissues. 

New antibodies require appropriate validation. All too often the claims of the antibody 
distributor/manufacturer as regards sensitivity and specificity are accepted without in-house 
validation, sometimes leading to inappropriate interpretation of the staining results. The 
antibody should be validated and optimized to known positive controls of similar tissue. 
Optimization should be performed against known positive controls of appropriate tissues that 
have been fixed and processed in a similar if not identical manner to the test tissue. In 
addition, the antigen retrieval method and performance of immunohistochemical staining 
should also be similar. To ascertain the most optimal method of antigen retrieval the 
following methods should be routinely tested for each new antibody. Antigen retrieval should 
be tested with citrate buffer, 10 mmol/1 at pH6.0, and citrate/EDTA at pH8.0 as retrieval 
solutions. This should be performed at both 98°C and 110°C, with varying concentrations of 
primary antibody, starting with that suggested by the product manufacturer. If satisfactory 
results are not obtained, enzyme digestion (with protease or similar) should be introduced as 
an additional step before and after the heat-induced antigen retrieval. Assessment is based on 
the signal to noise ratio and the integrity of tissue morphology. It may be necessary, with less 
sensitive antibodies, to experiment with different buffers of varying pH as retrieval solutions. 
Another variable that may require manipulation is the duration of heating. Optimization of the 
antigen retrieval procedure for each antibody is, at present, the most important step towards 
standardization. The optimization process merely ensures that the procedure is at its greatest 
sensitivity but cannot verify proper tissue fixation or processing and does not amount to 
standardization. Validation of the antibody and methodology against benchmark standards is 
a more complex issue that has been discussed. 

Similarly, for the post-analytical phase appropriate scoring methods have to be 
developed. Scoring methods need to be evidence-based; the best form of validation being 
patient outcome. Such validation would require collaborative or international studies. In is 
clear that scores based on intensity produce variable results that are often not reproducible. 
When the target antigen is confined to a known anatomical structure, scoring becomes easier 
with greater concordance and reproducibility as demonstrated with nuclear antigens like Ki67 
(Zlobec et al, 2006; 2007) and even then when it is applied as percentage of staining cells 
without concern for intensity. Cytoplasmic staining is more difficult to score as the target 
antigen can be localized in a several or one specific organelle. As such cytoplasmic staining 
should be assessed on the basis of specific antigen localization. Similarly with cell membrane 
staining as with Her2/neu antigen, the entire thickness of the cell membrane in the tissue 
section should be stained before being assigned a positive score. The assessment of partial 
membrane staining is prone to poor concordance and reproducibility. 

Other factors in the post-analytical phase are dependent on the experience of the 
reporting pathologist. Selection of the appropriate antibodies to be used and the appropriate 
area in the section for assessment is dependant on pathologists’ expertise. Cut-off numbers 
are mostly arbitrary and when scoring, should assessment be made in the areas of highest 
intensity or is a mean value more appropriate? Some of these issues can be standardized 
through the use of automated cellular imaging systems that can evaluate the target cells using 
a large number of different morphologic parameters. Despite all these measures it is clear that 
there will remain a number of variables that can significantly influence antigen preservation 
that are beyond the control of the laboratory so that even among specimens accessioned by 
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the same laboratory, many pre-analytical factors are different and no two specimens are 
subjected to identical conditions. The realization of these variables and the acknowledgment 
of the need for standardization, however, is a large step closer to attaining the goal of 
quantitative immunohistology. 
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Abstract 

It is important to establish the biological basis of immunohistochemical characteristics of 
mandibular bone and cartilage, as well as periodontal tissue reaction to mechanical stress for 
orthodontic treatment. 

The mandible is composed of mandibular bone and cartilage. This cartilage is classified 
as secondary, together with condylar, coronoid and angular cartilages. The mandibular bone 
formation pattern attracts many researchers because it suggests large possibilities for 
orthodontic treatment. Mandibular condylar cartilage has bone characteristics which are more 
significant than cartilaginous characteristics. In general, Runx2 is a transcription factor 
necessary for osteoblast differentiation and bone formation. Therefore, we focused on Runx2 
and investigated the distribution of Runx2 in developing mouse mandibular condylar 
cartilage, with Jagged-Notch signaling, using immunohistochemistry (IHC) and in situ 
hybridization (ISH) techniques. These IHC and ISH results suggest that Runx2 plays an 
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essential role for mandibular condylar cartilage development, especially that Runx2 is 
essential for the onset of secondary cartilage differentiation. 

In addition, to establish an immunohistochemical basis for orthodontic treatment, we 
examined early changes of Runx2 and Msx2 immunohistochemical expressions by 
immunohistochemistry in mouse periodontal ligament exposed to mechanical stress. At 20 
minutes, 1 hour, 3 hours, 9 hours and 24 hours, relevant parts of the mouse tissues were 
histopathologically evaluated, and they were examined for Runx2, Msx2 and alkaline 
phosphatase (ALP) expressions. Strong expressions of Runx2 and Msx2 were seen in 
periodontal fibroblasts of the tension side at 20 minutes after mechanical stress. Expressions 
of Runx2 and Msx2 became stronger in parallel with time, and at 24 hours after mechanical 
stress, the periodontal fibroblasts, cementoblasts, and osteoblasts showed strong expression. 
Moreover, ALP has also demonstrated similar strong expression. All these results strongly 
suggested that Runx2 promoted differentiation of osteoblasts at an early stage and Msx2 
worked as an activator of Runx2 function. Furthermore, because Heat Shock Proteins (HSPs) 
serve as molecular chaperones to maintain homeostasis in tissues, we examined the 
immunohistochemical profile change of one such protein, HSP70, in periodontal ligament 
cells after receiving mechanical stress during orthodontic treatment in the course of up to 24 
hours. We thought that the mechanical stress for orthodontic treatment might cause dynamic 
histological change occurred within a short time and might also cause expression of HSP70 in 
periodontal ligament tissue. 


Introduction 

For orthodontic treatment, it is important not only to examine the tissue reaction of 
periodontal tissues to the orthodontic mechanical stress, but also to examine the physiological 
characteristics of the mandibular body bone and cartilages. Therefore, in this chapter, we 
describe both the biological and immunohistochemical basis. 

At first, we should mention the specialty of the mandible, mandibular body bone and 
cartilages. It is well known that the mandible is formed mainly of mandibular body bone and 
three cartilages. The mandibular body bone is formed by intramembranous ossification mode, 
which is called by other names such as membranous ossification mode, fibrous ossification 
mode, and direct ossification mode. Human developing mandibular bone has chondrocyte¬ 
like cells, shown in histopathological specimens (Figure 1) [46]. In this figure, chondrocites- 
like cells are observed during the mandibular osteogenetic process. This phenomenon is 
described as “chondroid-bone” in Orban’s Oral Histology and Embryology [3]. But there is 
no further description in other histology and embryology text books. This phenomenon is 
slightly different from direct osteogenesis mode. So we are investigated the physiological 
characteristics of mandibular bone formation. 

Regarding the cartilages, they are displaced by bone tissue through the course of 
intrachondral ossification, also known as cartilaginous ossification mode, intracartilagenous 
ossification mode and indirect ossification mode. Regarding this ossification mode, there are 
some slightly different features from those of joint cartilages in descriptions in the following 
pivot in many histology and embryology text books. 

Third, we examined tissue reactions of the periodontal tissues to the mechanical stress of 
orthodontic force in the orthodontic treatment courses. This was carried out 
histopathologically and immunohistochemically using animal experiment design models. In 
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recent years, the examination of transcriptional factors related with bone remodellings, bone 
formation and resorption. Therefore, we describe our immunohistochemical examination 
results of mainly related transcription, regulation and morphogenesis factors in animal 
experiments. Furthermore, we will describe the immunohistochemical profile change of Heat 
Shock Proteins (HSPs) in the periodontal tissue due to the mechanical stress from 
experimental orthodontic treatment in mice. 



Figure 1. Human developing mandible (a) containing chondrocyte-like cells (b and c: enlarged photos) 
(HE, from Professor Noriyuki Sahara, Matsumoto Dental University Graduate School of Oral 
Medicine) 


Developing Mandibular Body Bone 

It is well known that mandibular bone is formed by intramembraneous ossification mode. 
That is, osteoblasts directly form bone structure in the matrices without cartilaginous 
formation of structural outline. The mandibular bone formation pattern attracts many 
researchers because it suggests large possibilities for orthodontic treatment. In the course of 
morphogenesis of mandibular body bone, chondroid bone occurs (Figure 1). To clarify the 
nature of chondroid bone, matrix protein production and gene expression were investigated in 
the anterior ends of developing mandibular bone of mice from the embryonic day 15 (El 5) to 
the 7th neonatal day. Immature bone formation occurred in El5 and chondroid bone was 
observed histologically in the 2nd neonatal day. Immunohistochemically, bone-forming cells 
showed positive reaction for type 1 collagen, osteocalcin and type 10 collagen. Type 2 
collagen production was detected in El8. Both type 1 and type 2 collagen co-existing in 
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chondroid bone matrix, as well as bone forming cells, expressed type 1, 2 and 10 collagen and 
osteocalcin mRNA signals from E15 to the 7th neonatal day (Figure 2). These results indicate 
that some bone forming cells have characteristics of cartilage cells, and that chondroid bone 
formation intermingles with osteogenesis in the early phase of mandibular formation [24]. 



Figure 2. Chondrocye-like cells in developing mouse mandibular body bone showing metachromasia to 
TB (a), which immunohistochemically react positively to type 2 collagen (b) and type 1 collagen (c). 


Developing Mandibular Cartilages 

Mandibular cartilages are classified as secondary, including condylar, coronoid and 
angular cartilages. They differ from primary cartilage in morphological and 
immunohistochemical organization. Especially, our examination results suggest that 
mandibular condylar and angular cartilages has bone characteristics which are more 
significant than cartilaginous characteristics. Furthermore, mandibular condylar cartilage is 
recognized as an important growth site, for orthodontic treatment [16, 20, 46]. 

At first, we describe the physiological histology of developmental mouse mandibular 
condylar cartilage. At El4, there were no development features of mandibular condyle, 
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although there was some osteoblastic cell proliferation and a small amount of mandibular 
body bone matrices. At the distal upper portion of the developmental mandibular bone, round, 
oval and/or spindle-shaped mesenchymal cell proliferation and condensation with no 
metacholomatic reaction to toluidine blue (TB) were seen at E14 (Figure 3). At E15, 
mandibular condylar cartilage was clearly evident as TB metacholomasia, which was first 
expressed at a middle zone of proliferating mass. At El6, it can be classified as consisting of 
4 different cell layers on the basis of the cellular morphological changes: fibrous, 
proliferative, maturative and hypertrophic. These proliferating chondrocytes showed a 
metacholomatic reaction. Furthermore, the volume of condylar cartilage grew both in length 
and width. In this stage, articulation occured between the mandibular bone and the condylar 
cartilage. At El7, the mandibular condylar cartilage further grew both in length and width, 
especially in the hypertrophic layer. At the connection area of the mandibular trabecular bone 
and the hypertrophic layer of the condylar cartilage, endochondral ossification occurred. 
Perichondral ossification had also begun within the sheath of condyle; that is, direct bone 
formation. At El8, endochondral ossification further progressed and the mandibular condyle 
increased in volume. At just after birth (El9), the condylar cartilage grew further. No 
metacholomatic reactions were observed in fibrous layers, but weakly positive reactions were 
seen in proliferative layers. A metacholomasia reaction was clearly detected in both 
maturative and hypertrophic layers. 



Figure 3. Developing mandibular condylar carilage from E14 (a), El5 (b), E16 (c), El7 (d), El8 (d), 
and just after birth: El9 (f) in TB stained specimens. 

Regarding angular cartilage, histologically, there were no developmental features of 
mandiblar angle, with some osteoblastic cell proliferation and a little bone matrices with 
mesencymal cell proliferation, in El4. Mouse mandiblar angle development started as a 
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coagulation of mesenchymal cells at the end of the developmental mandible in El 5, although 
there was no metachromasia reaction to TB. At El6, cells of the central portion of the cell 
coagulation showed metachromasia to TB (Figure 4). After that, the mandiblar angular 
cartilage developed through a similar course of intrachondral ossification with invasion of 
capillaries. At El7, direct (perichondral) bone formation was observed at the anterior portion. 
Immunohistochemically, at El6, type 2 collagen positive chondrocytes were detected, 
although there was no positive reaction at E14 and El5. Furthermore, these proliferating 
chondrocytes showed positive reactions to type 1 collagen and osteopontin (OPN) through the 
examination period. 



Figure 4. Chondrocyte-like cells react immunohistochemically positive to collagen type 2 (a), type 1 
(b), and OPN (c) in developing mouse mandibular angular cartilage of El 6. 

Among the numerous papers on the mandiblar angular and condylar cartilages, Tengan 
[57] reported the examination results of developmental aspects of mandiblar condylar and 
angular cartilages. In a report using C57BL/6N mice, the developmental start of the 
mandiblar angular cartilage was observed as a coagulation of mesenchymal cell proliferation 
in the end of the mandibular bone at the 14.5th fetal day. Our examination results of 
histological findings and TB reactions of ddY mice mandiblar angular cartilage suggest that 
the development starts nearly the same fetal day. Histologically and histochemically (TB), 
after the 17th fetal day, endochondral ossification occurred with invasion of capillaries, and 
perichondral ossification occurred in the periphery of the cartilage mass. 

In the immunohistochemical examination, the proliferating chondrocytes of the 
mandiblar angular cartilage showed positive reactions to type 2 collagen, as well as to type 1 
collagen and OPN. In an examination of mandibular chondylar cartilage, Mizoguchi [29] 
reported the same immunohistochemical aspects, and Ishiwari et al. [19] reported the gene 
expression using in situ hybridization technique. Therefore, present immunohistochemical 
results of mandiblar angular cartilage show that the characteristics of proliferating mandibular 
angular cartilage are nearly the same as mandiblar condylar cartilage, and slightly different 
from normal physiological articular cartilage. 

On the developmental start of the condylar cartilage of the our examination, the findings 
from TB specimens of the early developmental stage of mandibular condylar cartilage 
indicated the following. At the distal upper portion of the developmental mandibular bone, 
mesenchymal cell proliferation and condensation without metacholomasia were seen at El4. 
At El5, mandibular condylar cartilage was clearly evident as a metacholomatic reaction to 
TB. This developmental process was mostly in accord with other researchers’ data [18, 30, 
40, 42]. Such mesemchymal cell changes were demonstrated in the mandibular angular 
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cartilage, as reported by Tengan et al.[57]. In their report using C57 BL/6N mice, the 
developmental start of the mandibular angular cartilage was observed as a coagulation of 
mesenchymal cell proliferation in the end of the mandibular bone fetal day at 14.5. As 
mentioned above, we [21, 45] reported histological findings and TB reactions of ddY mouse 
mandibular angular cartilage. These results suggest both angular and condylar cartilage 
development starts nearly the same fetal day as Tengan reported [57]. These data suggest that 
chondrocytic differentiation had started from El4, and this area had turned into cartilaginous 
tissue at El5. 

There are some different components of the extracellular matrix between the primary and 
secondary cartilage [29, 32]. Immunohistochemical studies for the expression pattern of type 
1 and 2 collagens [18, 19, 29] revealed that both types of collagen were simultaneously 
produced in chondrocytes at this area. Moreover, simultaneous expression of type 1 and 2 
collagen genes have been confirmed. These findings enable us to accumulate different 
characteristics and aspects of this cartilage than general endochondral ossification ones. We 
have reported that immunohistochemical-positive reactions to OPN were detected in almost 
all layers of the cytoplasms of the condylar chondrocytes [51]. This result is consistent with a 
number of findings by other researchers. In an examination of mandibular chondylar 
cartilage, Mizoguchi [29] reported that the proliferating chondrocytes were positive for type 1 
collagen, as well as for type 2 collagen and OPN. Ishiwari et al.[19] reported these gene 
expressions and localization of that type 1 collagen gene expression in the proliferative and 
maturative layers of the condylar cartilage using in situ hybridization techniques. 

Furthermore, on angular cartilage in our previous IHC examination [21, 45], the 
proliferating chondrocytes of the mandibular angular cartilage showed positive reactions to 
type 1 collagen and OPN, as well as to type 2 collagen. Therefore, IHC results of mandibular 
angular cartilage show that the characteristics of proliferating mandibular angular cartilage 
are nearly the same as mandibular condylar cartilage. Type 2 positive cells and OPN 
expressions indicated that the bone factor, in addition to the cartilaginous generative factor, 
have participated in the matrix, since bone characteristics are more significant than 
cartilaginous characteristics. Our data for angular cartilage indicates that it presumably 
applies to condylar cartilage examination. 


Regulation Factors in Morphogenesis of Mandibular 

Condylar Cartilage 

Recently, various studies have shown that mandibular condylar cartilage formation is 
regulated by many morphogenesis factors and their signaling, such as fibroblast growth factor 
receptor, and platetet-derived growth factor receptor [13, 28]. Therefore we have investigated 
these factors in the mandibular condylar cartilage [51, 70]. 

In general, Runx2 is a transcription factor necessarily for osteoblast differentiation [11, 
46] and bone formation [26, 31]. Furthermore, it has been reported that Runx2 regulates 
chondrocyte hypertrophy during chondrogenesis in long bones [55]. Runx2 is responsible for 
signaling chondrocyte maturation and endochondral ossification during mandibular condyle 
advancement [56]. As we have reported previously [21, 46], we have conducted research to 
prove our presumption that there is a strong association between Runx2 for this generation 
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pattern, since Runx2 is an essential factor for differentiation to osteoblast [26, 31, 33]. 
Because matrix protein that characterizes bone, such as type 1 collagen and OPN, has often 
been expressed, mandibular condylar cartilage has intense bone characteristics. 

As a result, at El4, Runx2 expression was detected by means of IHC and ISH 
examination, which indicates that the Runx2 expression leads to the secondary chondrocytes 
differentiation, with examination of type 2 collagen by IHC and TB stain. Shibata et al.[39, 
41, 43] had reported that Runx2 is essential for the onset of formation of the mandibular 
condylar cartilage, as well as for the normal development of Meckel’s cartilage. Their result 
supports our above-mentioned result that Runx2 controls the initial differentiation for 
mandibular condylar condrocyte at the E14 stage in mice. In condylar cartilage as a secondary 
cartilage, the development onset was regulated by Runx2. Therefore, it was considered that 
the characteristics of Runx2 regulated condylar secondary cartilage show the co-expression of 
bone and cartilage matrix proteins, as mentioned in the beginning of this session. 



Figure 5. Runx2 immunohistochemical expression is visible in coagulating cells in E14 (a) and the 
positive reaction is also detected at the sheath of condylar cells in El7 (b) in IHC. Expression of Runx2 
mRNA appear in the cytoplasm of proliferating chondrocytes in E14 (c) and the gene signals are 
throughout most all layers in El8 (d) in ISH. 

At E17 and El8, Runx2 expression strongly appeared in hypertrophic cartilage in ISH 
specimens, which might relate to the differentiation to osteoblasts [5, 28, 52]. This agrees 
with reports [33, 56] which explains that the Runx2 expression of IHC and ISH had been 
identified in the hypertrophic layer, and also takes part in the endochondral ossification mode. 
Shibata [41] has reported that Runx2 deficient mice lack mandibular condylar cartilage and 
mandibular bone. The results of the present examination clearly show the distribution of 
Runx2 expression for ISH and IHC at the cartilage inside of the sheath of mandibular condyle 
where direct bone formation occurs. Runx2 expression is evidence for Runx2 control over 
perichondral ossification. Runx2 expression at El 4/E 15 and El 7/E 18 results in cartilaginous 
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differentiation and osseous displacement in the condyle, respectively. Finally, Runx2 gene is 
continuously expressed at almost the same level in ISH specimens throughout the 
examination period of condylar cartilage. However, in IHC specimens at El 4/E 15 and 
El 7/E 18, Runx2 peptide is observed at high levels in specific parts and their localization is 
uniform. Further study is required to explain this phenomenon, and reveal the difference 
between the peptide and gene level. 

Thus, the purpose of this study was to investigate the participation of Runx2 in 
mandibular condylar cartilage. There were no development features of mandibular condyle 
(E14). At the distal upper portion of developmental mandibular bone, mesenchymal cell 
proliferation and condensation with no metacholomasia reaction to TB were seen at El4. At 
El5, mandibular condylar cartilage was clearly evident as a metachlomasia to TB. In IHC 
specimens at El4, expression of Runx2 peptide was observed in the nuclei and the cytoplasm 
of coagulating mesenchymal cells. After El7, Runx2 factors appeared in the cells of the 
condylar cartilage sheath, and they were also distinct in the cytoplasm and nucleus. In ISH 
specimens at E14 and El5, expressions of Runx2 mRNA appeared in the cytoplasm of 
proliferating chondrocytes. From El6 up to El8, the mRNA was detected throughout almost 
all cytoplasm in all layers. These IHC and ISH results suggest that Runx2 plays an essential 
role for mandibular condylar cartilage development, especially that Runx2 is essential for the 
onset of the secondary cartilage differentiation. 

Generally, Notch 1 and Mathl are important regulation factors of morphogenesis [9, 10, 
51, 68]. There are no reports on mandibular condylar cartilage, although there is a report on 
their distribution of articular cartilage [12]. 

Next, we describe the results of Jagged-Notch signaling in the mandibular condylar 
cartilage. As we have reported, these expression patterns were different from each other in the 
articular cartilage, and the Notch 1 reactions only localized in the hypertrophic cells. Mathl 
was distributed mainly in the hypertrophic layer and partially in the proliferative layer. These 
results suggest that regulation factors of morphogenesis —Notch 1 and Mathl — may play some 
essential role in mandibular condylar cartilage [51]. The inconstant distribution of both 
factors presumed that the generation of the condylar cartilage does not correspond with 
morphogenesis mechanism in articular cartilage. It is strongly suggested that mandibular 
condylar and angular cartilages differ slightly different from physiological articular cartilage. 

Concerning our recent paper on mouse mandibular bone formation [51], the Notch 1 
reactions were localized only in the hypertrophic cells, and these expression patterns were 
different from each other in the articular cartilage. Mathl is also a regulation factor of 
morphogenesis [68], and it was distributed mainly in the hypertrophic layer and partially in 
the proliferative layer [51]. Moreover, Hayes et al. have reported that NICD expression 
becomes restricted to deeper layers of articular cartilage after birth in the mouse [14]. As a 
result, the inconstant distribution of Notch 1 factors suggests that the generation of the 
condylar cartilage does not correspond with morphogene mechanism in articular cartilage. It 
is strongly suggested that mandibular condylar and articular cartilage differ slightly from 
physiological articular cartilage. In this examination, we investigated only mandibular 
condyle cartilage for a short period. In the future, we hope to investigate further for longer 
periods after birth. 

In general, Notch signaling is necessary for cell fate determination, cell proliferation and 
differentiation. Therefore, we focused on Notch signaling in the developing mouse 
mandibular condylar cartilage. The examination results are summarized as follows. At E14, in 
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the mandibular condylar cartilage forming area, expression of Notch 1 intracelllar domain 
(NICD) was observed in the nuclei of coagulating mesenchymal cells. After El5, NICD 
appeared in the nuclei and the cytoplasms of cells. In ISH examination at E14, expressions of 
Notch 1 mRNA appeared in cytoplasm of proliferating chondrocites. From El5 to El9, 
Notch 1 mRNA was detected throughout almost all cytoplasm in all layers. 



Figure 6. Proliferating cells have NICD positive products in E15 by IHC (a) and the mRNA are 
detected by ISH (b). Jagged, the ligand of Notch, is also detected in El 5 (c) and Jagged genes are also 
expressed in cytoplasms of the cells in El 5 (d). 

Next lokking at Jagged, the ligand of Notch, at E15 we see that the proliferating cells had 
positive products of Jagged in their cytoplasms and cell membrane of almost all coagulating 
cells. At El6, Jagged positive reactions were detected in cells of the proliferative, maturative 
and hypertrophic layers, and weakly labeled in cells of the fibrous layer. Furthermore, 
cytoplasmic and membranous reactions were observed in the cells just inside of the condylar 
cartilage sheath. At El7, cytoplasmic and membranous reactions of Jagged appeared strongly 
in the cells just inside the condylar cartilage sheath. At El8, Jagged immunohistochemical- 
positive products were observed in almost all cells of the layers, and they were mostly distinct 
in the sheath of the condyle. At just after birth (El9), Jagged peptide was observed in a 
portion of almost all layer cells in their cytoplasm and membrane. Through the examination 
period, the pattern of distribution and intensity of expression of Jagged peptides were not 
uniform. By ISH, At El4, expressions of Jagged mRNA appeared in cytoplasms of 
proliferating chondrocytes. Their distribution intensity was not uniform. At El5, cytoplasmic 
and membranous reactions of Jagged gene appeared in the cells of chondrocytes. After El6 
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and up to just after birth (El9), cytoplasmic positivities for Jagged mRNA were detected 
throughout almost all condylar cells. However, positive signals for Jagged mRNA were 
reduced at the rim of condyle. Their distribution pattern was not uniform. 

Disruption of Notch ligands and receptors, as well as downstream signaling components 
of the Notch pathway, have been implicated in many developmental defects and pathological 
conditions [69]. Notch functions in all progenitor cells give rise to the limb bone, cartilage, 
muscles and progenitor [1]. It has also been reported that Notch 1 is not required to form the 
limb skeleton, musculature, or vasculature [12]. Furthermore, the Notch family is a highly- 
conserved family of cell surface signaling molecules [60]. In the developmental stage, Notch 1 
takes part in the representative three major phenomena, namely lateral inhibition, induction 
and asymmetric cell division [7, 38]. Notch signaling has been implicated in bone 
development and it is expressed in osteoblasts [10, 60]. With reference to cartilage, the Delta- 
Notch signaling pathway has been reported to be important in regulating the progression of 
prehypertrophic chondrocytes to hypertrophic chondrocytes in examinations using chicks [9]. 
Furthermore, Hayes et al.[14] described that Notch signalling is closely related to the 
formation of articular cartilage and allows for co-oriented ossification in the growth plate in 
mice experiments. 

In this examination, expression of NICD at the cell membrane might relate to cell-to-cell 
intercommunication from E15 up to just after birth. NICD translocates from the cell 
membrane to the nucleus, which act as a transcriptional activator and regulating gene 
expression through the examination period. At El4, Notch 1 expression was detected by 
means of IHC and ISH examination, which indicates that Notch 1 expression leads to 
mesenchymal cells further differentiating into chondrocytes as a secondary cartilage. We have 
previously reported that Runx2 is essential for the onset of mandibular condylar cartilage 
development, with examination of type 2 collagen by IHC and TB stain [47]. We expected 
NICD also to be essential for the onset of mandibular condylar cartilage development. At El 7 
and El8, NICD expression appeared in hypertrophic cartilage in IHC specimens. This agrees 
with our past research which explained that the Runx2 expression of IHC and ISH is present 
in the hypertrophic layer and also takes part in the endochondral ossification mode [47]. 
Yasui et al. have reported three modes of ossification during distraction osteogenesis in the 
rabbits [64, 65], and have been suggested that some hypertrophic chondrocytes undergo 
further differentiation into osteoblast-like cells and participate in initial bone formation. The 
results of the present study support that hypertrophic chondrocytes further differentiate into 
osteoblasts. At El7 and El8, our examination results showed the distribution of NICD 
expression for IHC at the cartilage inside of the sheath of mandibular condylar cartilage 
development, where direct bone formation occurs. NICD expression might relate to 
perichondral ossification in which mesemchymal cells differentiate into osteoblasts. On the 
other hand, the Notch 1 gene was expressed at weak levels in the cartilage cytoplasm inside 
the sheath of mandibular condylar cartilage. Finally, Notchl gene was continuously expressed 
in the cartilage cytoplasm in ISH specimens throughout the examination period. Notchl was 
detected by means of IHC and ISH examination, which indicates that the Notchl expression 
leads to secondary chondrocyte differentiation, especially in morphogenesis during 
embryonic stage. Furthermore, Notchl distribution intensity is not uniform; thus, it is 
suggested that there is some reason for the role at mandible condylar cartilage development. 
The examination of the expression of these factors in developing mandibular condylar 
cartilage in embryonic mice is now progressing. 
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Our present result demonstrated that NICD and Jagged were both detected by IHC, and 
their distribution patterns were very similar. This phenomenon means Notch signaling is 
activated by Jagged [48, 49, 50]. Furthermore, Hayes et al.[14] have reported that Jagged 
peptides were absent from developing articular cartilage but were present in deeper layers 
from after one month. Therefore, the expression patterns of mandibular condylar cartilage and 
articular cartilage were different. It is strongly suggested that mandibular condylar and 
articular cartilages differ slightly from physiological articular cartilage. 


Periodontal Tissue Reactions in Orthodontic Treatment 

To establish a biological base of periodontal tissues, such as alveolar bone tissue, 
periodontal ligament fibroblasts, osteoblasts, cementoblasts and osteoclasts, for orthodontic 
treatment, research using animal experiment models has been performed in the last several 
decades [61]. Reitan [34, 35] examined the tissue reactions during orthodontic tooth 
movement. The author pointed out the histopathological findings of bone formation and/or 
resorption of alveolar bone of both tension and expression sides in these experiments. 
However, recently periodontal fibroblast cell lines are also being used in this kind of research. 
Regarding with tissue reaction occurring in orthodontic treatment, osteoblasts at the surface 
of the tension side and osteoclasts at the pressure side of the relevant periodontal space of the 
alveolar bone appear, and they play some roles in resorption and addition of bone; these are 
well-known facts. Takano-Yamamoto et al.[54] and Cho [8] examined the histological, 
immunohistochemical and in situ hybridization findings of both tension and pressure sides of 
the periodontal tissues during the orthodontic tooth movement in an animal model. 

Recently research related to periodontal fibroblasts has advanced, and the cells have now 
been shown to possess characteristic features other than what fibroblasts are generally known 
to have. Saito et al.[36] showed expression of Runx2 in a fibroblast cell line. However, 
calcification does not occur in periodontium even though Runx2 expression is detected in 
periodontal fibroblasts. This result suggests that a mechanism, which inhibits action of 
Runx2, exists. In fact, Yoshizawa et al.[66] recently reported that homeobox factor Msx2 
suppressed differentiation of osteoblasts by inactivating Runx2 transcription. In the paper of 
Yoshizawa et al., the following is described [66]. Ligaments are comprised of tough yet 
flexible connective soft tissue. Little is known, however, about the precise characteristics of 
the periodontal fibroblasts due to the absence of specific markers and cell lines. Therefore, 
they established a periodontal ligament cell line, PDL-L2, with suppressed Runx2 
transcriptional activity and an inability to form calcified nodules. They used the cell lines and 
demonstrated that endogenous Msx2 provents ligament fibroblasts from undergoing 
osteoblastic differentiation by repressing Runx2 activity. 

Thus, we examined the periodontal tissue reaction of mice due to mechanical stress 
according to the Waldo method [61], before examination of the transcription factor profile 
change [62]. In the examination group, the arrangement of the periodontal ligament was 
irregular on specimen day 1. The extension and compression sites were observed at the 
opposite side of the roots. In day 1 and 3 specimens, the osteoclasts appeared in the 
compression sites. In day 7 specimens, the number of osteoclasts was reduced to fewer than 
that of day 3. 
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Figure 7. Diagram and histopathological photograph of design of experimental orthodontic tooth 
movement using mice. 

Immunohistochemical examination revealed that the expression patterns of Runx2 and 
Msx2 were clearly dynamically changed compared to the control specimens. These results 
suggest that the appearance of transcription factors related to cell differentiation of 
periodontal ligament, which was due to the mechanical stress of insertion of elastic separator, 
happened within 24 hours. Next, we applied mechanical stress to periodontal tissue of the 
mouse and examined protein expressions of Runx2 and Msx2 by immunohistochemistry in a 
time period up to 24 hours [59]. 

In control specimens, when distal buccal root of the upper first molar was horizontally 
examined, the alveolar bone socket was in an oval shape with a long diameter of 320pm and a 
short diameter of 250jum, though a small variation of size between the samples existed 
(Figure 8). Although localization of the root in the alveolar bone socket showed a slight 
deviation to the mesial direction, the root with periodontal tissue was mainly localized in the 
center with a diameter of 50jum. Periodontium was basically arranged between the alveolar 
bone and cemental surface of the root with radiated as well as bundle-shaped fibers. However, 
in some parts, direction of the arrangement was slightly different in the mesial side. In these 
parts, fibroblasts between the roots localized in a transverse direction possibly to be able to 
keep continuity with the roots after branching. On the other hand in the distal side of the root, 
vertical or oblique images were observed. Capillaries between bundles of the periodontium 
were seen. The fibroblasts, with a long elliptical nucleus within spindle shaped cytoplasm, 
were detected in the periodontium through the running direction of the periodontium. On the 
other hand, cementoblasts were localized at the cemental surface as one layer with an 
elliptical nucleus and scanty cytoplasm. Osteoblasts with a nucleus in an oval shape and 
scanty cytoplasm showed slight flatness, andthey were arranged on the surface of the alveolar 
bone. In addition, remodeling lines representing resorption and addition of the bone were 
seen. In some parts of the alveolar bone, a resorption-like structure with osteoclasts was 
observed. Osteoclasts were also detected in the cemental surface. 

Regarding the findings of the experimental group, differences from the control group will 
be emphasized. With the 20-minute group, the root clearly moved about 20jum in the mesial 
direction representing the pressure side. The root was enlarged about 70pm on the distal side 
(Figure 8). Thus at the tension side, the radiated arrangement of the periodontium became 
clear, and the periodontal fibroblasts showed an appearance of spindle shape cytoplasm and 
long oval or flat-like nucleus. On the other hand, disorder in arrangement of the periodontal 
fibroblasts was recognized on the pressure side. 
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Figure 8. Histopathological features of control specimens (a, b) and experimental 1-hour specimens (c, 
d). 


In the 1-hour group, the relative location of the root in the alveolar bone further moved 
mesially, and the width of the periodontium of the same part was narrow with a diameter of 
about 10 pm. On the other hand the periodontal space of the opposite distal tension side 
enlarged to a width of 90 pm. The periodontium of the same part was considerably stretched 
and the interfibrillar area became loose. Cytoplasm and nucleus of the periodontal fibroblasts 
were in a long spindle shape. At the pressure side, various degenerative changes in the cells, 
which formed the periodontium, were recognized. Many osteoblasts and cementoblasts 
distributed at the alveolar bone surface were confirmed as elliptical shape cells. 

In the 3-hour group, the width of the periodontium at the distal tension side enlarged to a 
size of 100 pm, resulting in relative mobility of the root and stretching of the periodontal 
fibers with the formation of interfiber space. The root on the pressure side approached further 
toward the alveolar bone. On the tension side, cytoplasms of the periodontal fibroblasts were 
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in long spindle shape and their nuclei showed a shape from long oval to long spindle. Many 
osteoblasts on the alveolar bone surface with a shape of oval or cylinder were observed. 

In the 9-hour group, the periodontal space on the distal tension side was about 100 jum 
due to relative movement of the root in the alveolar bone. On the mesial pressure side, the 
root extremely approached the alveolar bone, resulting in degeneration and atrophy of the 
tissue. Thus the cells were almost not recognizedon this side. On the tension side, the space of 
the periodontium decreased. Cytoplasms of the periodontal fibroblasts were in a short spindle 
shape and their nuclei were in a long elliptical shape. On the other hand, cementoblasts on the 
root surface were also in an elliptical or a cylindrical shape. Osteoblasts coming in contact 
with the alveolar bone revealed an elliptical or cylindrical shape, and an increase in their 
number was recognized. 

In the 24-hour group, the periodontal tissue on the pressure side approached further 
toward the alveolar bone and the cell components were almost not recognized. On the other 
hand, on the tension side, the cytoplasms of the periodontal fibroblasts were in a spindle 
shape, and their nuclei were in a slight thick elliptical shape. Osteoblasts on the alveolar bone 
surface were mostly in a cylindrical or short elliptical shape. A similar appearance was also 
detected in the cementoblasts. 



Figure 9. Immunohistochemical findings of control specimens, Runx2 (a), Msx2 (b) and ALP (c), and 
experimental 1-hour specimens (d: Runx2, e: Msx2 and f: ALP). 

Immunohistochemically, in the control group, weak expression of Runx2 peptide was 
observed at the periodontium of the distal buccal side of the first molar root during all 
mechanical stress time intervals. This expression was slightly stronger on the mesial side. 
When observed in detail, this expression was mainly attributed to cytoplasm of the fibroblasts 
(Figure 9). Msx2 expression was also similar to the expression pattern of Runx2. However, 
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Msx2 expression was stronger on the mesial side when compared to Runx2 expression. Again 
weak expression of ALP was also detected at all mechanical stimulus times similar to Runx2 
expression. 

In the experimental group (Figure 9), regarding with Runx2 expression, strong reaction in 
cytoplasms of the periodontal fibroblasts at the tension side was detected. On the other hand, 
on the pressure side, slightly weak staining as compared to the control group was observed. 
Although positive staining of ALP expression similar to Runx2 pattern was observed on the 
tension side, density was stronger when compared to Runx2 expression. 

In the 1-hour group, strongly stretched cytoplasms of the periodontal fibroblasts and the 
cementoblasts showed Runx2 protein, and this expression was stronger compared to the 20- 
minute group. Also, Runx2 expression almost disappeared at all areas of the pressure side. 
Expression and distribution of Msx2 protein were identical to Runx2 protein expression. The 
ALP expression state was similar to Runx2 expression pattern. However, ALP expression 
was much strongeon the tension side of the periodontal fibroblasts compared to Runx2 
expression. 

In the 3-hour group, Runx2 demonstrated positive expression in cytoplasms of the pretty 
stretched and enlarged periodontal fibroblasts and cementoblasts. The positive staining area 
extended to the pressure side compared with 1-hour group. This expression state was also 
detected in cytoplasms of the osteoblasts. Positive Msx2 expression at the periodontal 
fibroblasts and cementoblasts was slightly weaker than Runx2 expression. ALP expression 
findings were also similar to Msx2 expression. 

In the 9-hour group, Runx2 revealed a positive reaction in cytoplasm of the strongly 
stretched periodontal fibroblasts, cementoblasts and osteoblasts. This immunoreaction further 
extended to the pressure side as compared with the 3-hour group. At this period, Msx2 
expression result was similar to Runx2 expression. ALP expression was also confirmed to be 
similar with Runx2 expression findings. 

In the 24-hour group, Runx2 revealed a strong positive reaction in all areas of the root 
periodontal fibroblasts, cementoblasts and osteoblasts except the areas of the root closely 
attached to the alveolar bone on the pressure side. The reaction was strongest during this 
period. The Msx2 result was also similar to the Runx2 findings. Furthermore, ALP findings 
were also similar to the staining of the others. However, strong expression of ALP was also 
shown in the osteoclasts located on the alveolar bone surface. 

To understand the biological mechanism in orthodontic treatment, research using animal 
experiments has been performed in the last several decades. Thereafter, efforts have focused 
on all aspects of tissue change upon mechanical stress. Especially research has focused on 
bone resorption and addition at the tension side after mechanical stimulus by showing 
existence of osteoclasts and osteoblasts, respectively. Because there has recently been 
considerable attention to tissue changes in the early period, examination of tissue type shifted 
from hard to soft, i.e. periodontal tissue. Recently an increasing number of research studies 
investigating cell differentiation and morphogenesis, which are regulated by mediators such 
as cytokines and transcription factors, have been conducted. Osteoblasts and osteoclasts have 
a major role for cell differentiation in orthodontic dental treatment, and much research using 
these cells has also been performed [5, 28, 52]. Thus, we planned the current research based 
on the recent success of Saito et al.[36] and Yoshizawa et al.[66] as mentioned in the 
introduction section. 
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Before discussing the results of the present findings,our experimental system will be 
verified. Based on the method established by Waldo [61], a rubber dam sheet was placed 
between mouse molars, and degeneration of the periodontal tissue was observed. Insertion of 
a rubber dam sheet between the mouse molars provides easy and simple application of the 
method. Thus, mastering this technique will allow examination of the many animals to be 
performed in a short time. However, one shortcoming of this technique is the possibility that 
the tooth can move over time and the power enforced to rubber dam sheet cannot be fixed. 
Another method described by Andrade et al.[37] used a coil string between the anterior teeth 
and first molars for mechanical stress. Although a fixed power can be applied using this 
method, its application is extremely difficult and it is impossible to use many experimental 
animals in a short time. This time we examined expression and distribution of the factors 
related with bone formation in the periodontium by immunohistochemistry. To increase 
reliability of the current examination, the use of many samples was needed. Therefore, we 
used the Waldo method [61] in this examination. Regarding experiment time, we limited the 
time up to 24 hours based on our recent report, confirming the changes of Runx2 and Msx2 
proteins within 24 hours in mechanically-stimulated periodontium [62]. Reitan [35] reported 
that acute cellular remodeling reaction in mechanically-stimulated bone is the start of bone 
formation within 1-2 days. In the current research, changes of osteoblast differentiation- 
related factors, such as Runx2 and Msx2 expressions within 24 hours, were considered to 
reflect this kind of reaction. Kawarizadeh et al.[23] applied mechanical stress to rat molar for 
15 minutes and observed increased expression of Runx2 in the relevant periodontal 
fibroblasts. In our study, we used a long range of time intervals from 20 minutes to 24 hours. 

The mesial side of the second molar root was observed in our previous study [62]. 
However, the root was relatively thin and its rotation occurred due to insertion of the rubber 
dam sheet, and fixation at the tension as well as pressure sides was not properly done. Due to 
these reasons, time-dependent observation was quite difficult. To overcome these difficulties, 
the mesial distal side of the first molar root was observed in the current study. In the results of 
histopathological observation in the current study, early morphological changes of the 
periodontal fibroblasts were observed in the 20-minute group. The periodontium showed 
enlargement on the tension side and constriction at the pressure side, and the periodontal 
space enlargement was in the highest state in the 3-hour group. The results demonstrated 
prominent alteration of the periodontal fibroblasts. The nucleus was in a spindle shape, and 
the cytoplasm was strongly pulled out. Proliferation of the osteoblasts distributed on the 
tension side surface of the alveolar bone was confirmed in the groups from 3 to 9 hours. On 
the other hand, the cementoblasts localized at cementum surface did not show a major 
change. In the 24-hour group, the width of the periodontal space was enlarged to a maximum 
state. Cells with thick elliptical nuclei and rich cytoplasm increased. Reitan [34] stated that 
during bone formation of the alveolar bone, precursor cells of the osteoblasts at the 
periodontium differentiated into osteoblasts and appeared at the surface of the alveolar bone, 
followed by active bone formation. In the results of our current research, within 24 hours the 
cells from the periodontium were considered to proliferate and differentiate into osteoblasts. 

Several facts about Runx2 and Msx2 are mentioned. Komori [52] clearly showed that 
Runx2 promoted the differentiation process of osteoblasts at an early stage but oppositely 
suppressed the differentiation at a later stage. That is, although Runx2 induces differentiation 
of mesenchymal stem cells into osteoblasts at an early stage, it keeps the osteoblasts in an 
immature differentiated state by suppressing the process at later stages. Runx2 was mentioned 
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to inhibit differentiation of osteoblasts into osteocytes. On the other hand, Msx2, a 
transcription regulatory factor with homeodomain, was identified as a mammalian homolog 
of the drosophila cell cycle related gene, Msh [4, 43]. Msx was identified to have two variants 
in humans (Msxl and Msx 2) and 3 variants in mice (additional Msx3). A high expression of 
Msx2 was shown in bone and joint. Homeobox gene product is known to activate or 
inactivate transcription of other genes, and it is considered as one of the genes with an 
inhibitory function for morphogenesis. Satokata et al.[37] reported that the Msx2 knockout 
mouse is bom alive but that abnormality of multiple ectodermal tissues is seen. Similar to 
human diseases, incomplete formation of calvaria, abnormal tooth formation and cartilage 
hypoplasia were detected. Thus Msx2 was considered to play an important role in the early 
differentiation process including activation as well as inactivation states. Ichida et al.[23] 
investigated the role of Msx2 in differentiation of pluripotent mesenchymal stem cells of 
C3H10T1/2 and C2C12 as well as mouse first generation cultured osteoblasts, and showed an 
ALP increase in C3H10T1/2 and C2C12 cells and promotion of calcification in mouse first 
generation cultured osteoblasts by Msx2. That result strongly suggests that Msx2 plays a 
crucial role as a transcription factor for osteoblast differentiation. Cheng et al.[6] similarly 
showed that Msx2 functioned as an inhibitory factor for lipocyte differentiation and as an 
acceleration factor for osteoblast differentiation. This result shows that Msx2, in addition to 
its dedifferentiation induction function, induces osteoblasts in priority depending on change 
of its amount. Furthermore, Ishii et al.[17] reported that Msx2 and Twist, by cooperating with 
each other, are involved in the differentiation and proliferation of osteoblasts. Yanagisawa et 
al.[63] examined expression of transcription factors in osteoblasts by western blotting and 
confirmed increased expression of Runx2 and Msx2, suggesting that they play important roles 
in osteoblast differentiation. 

As mentioned in the earlier section, regarding with characteristics of the periodontal 
fibroblasts, Yoshizawa et al.[66] examined mRNAs of the periodontal cells PDL-L2 and the 
osteoblast cells MC3T3-E1 by microarray method for comparison of gene expressions. Their 
results showed that Msx2 is expressed in high amount in PDL-L2 cells. When the change of 
Msx2 expression was examined over time, although Msx2 expression did not display any 
alteration in PDL-L2 cells, its expression in MC3T3 cells decreased by differentiation of the 
cells and finally disappeared with formation of evident calcification. When Msx2 in PDL-L2 
cells was deleted, the cells showed calcification. Oppositely, when Msx2 was forced to be 
expressed in MC3T3 cells, calcification was unable to occur, and stimulation with BMP2 
results in only a small amount of calcification. Thus, Msx2 is the gene responsible for 
inhibition of calcification, and calcification ability of the cells can be regulated in vitro by 
adjusting the expression of Msx2. In another study, Liu et al.[27] suggested that Msx2 
suppressed differentiation of osteoblast precursor cells as well as immature osteoblasts, and 
promoted proliferation of osteocytes. Moreover, Shirakabe et al.[53] reported that Msx2 
functioned as an inhibitory factor for Runx2 activity during morphological formation of 
human cranial bones. 

From the results of the current examination, Runx2 showed weak activity in periodontal 
fibroblasts of the control group at all the time intervals. This result was compatible with the 
report of Saito et al.[36], which mentioned the low transcriptional activity of Runx2 
expression in PDL-L2 cells. In our results, Msx2 revealed also weak expression in the 
periodontium space during all the experiment time intervals similar to Runx2 expression 
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pattern. Our data was an in vivo confirmation of the in vitro results of Yoshizawa et al.[66], in 
which Msx2 expression was reported to block differentiation of osteoblasts. 

After application of mechanical stress, Runx2 expression disappeared on the pressure 
side at 1 hour. However, at the tension side, Runx2 protein expression appeared in the 
periodontal fibroblasts as early as 20 minutes after mechanical stress, and became stronger in 
parallel with the time. This result suggests that this process is even faster than its appearance 
in osteoblasts in alveolar bone at the tension side. Our results support the opinion of Komori 
[52], who reported that Runx2 promoted differentiation of osteoblasts at an early stage. Also, 
Msx2 protein reaction similar to Runx2 appeared in the periodontal fibroblasts as early as 20 
minutes and became stronger over time. Expression of the osteoblast marker ALP also 
showed strong expression with parallel to Msx2 expression. Thus, our results suggest that 
Msx2 activates Runx2 function as similarly reported by Ichida et al.[23] but opposite to 
results of Yoshizawa et al.[66], which mentioned Msx2 as an inhibitory factor for osteoblast 
differentiation. 

In conclusion, application of mechanical stress on the periodontal fibroblasts resulted in 
strong expressions of ALP, Runx2 and Msx2 on the tension side over time, which were found 
to be in low level in the control group. Our results suggest that Runx2 induces differentiation 
of osteoblasts, and Msx2 functions as a promoting factor for Runx2 activity on the tension 
side in cells exposed to mechanical stress. 


Periodontal Tissue Reaction to Cell Injury Stimulation 

In general, Heat Shock Proteins (HSPs) serve as a molecular chaperone to maintain 
homeostasis in tissues. Therefore, HSPs are expressed physiologically in response to some 
kind of mechanical stresses. In orthodontic treatment, they are also expressed in the related 
periodontal tissues, especially in periodontal ligament. Furthermore, the induction of this 
stress protein, HSP, has also been observed in the pulp cells after experimental tooth 
movement in animal experiments by Shigehara et al.[44]. Next, Yoshimatsu et al.[67] 
reported the expression of HSP in periodontal ligament during orthodontic tooth movement, 
but the experimental time course was from 2 up to 10 days. The results showed that HSP 
expression was significantly higher on the tension side 2 days after application of the 
appliance, whereas no significant change was observed on the pressure side at any given time 
point. Furthermore, the PCNA labelling indices of PDL cells were increased significantly on 
the tension side 6 and 10 days after application of the appliance, and on the pressure side 2, 6 
and 10 days after application of the appliance. These data suggest that collagen is metabolised 
predominantly on the tension side, and that PDL cells actively proliferate on both the tension 
and pressure sides during orthodontic tooth movement. 

Thus, we examined the immunohistochemical profile change of the HSP70 in periodontal 
ligament cells after receiving mechanical stress during orthodontic treatment in the course of 
up to 24 hours. In histopathologically, in the experimental specimens, the extension and 
compression portions were observed on the opposite side of the root. In 24h specimens, the 
compression site of the periodontal ligament of the related tooth root was narrow due to tissue 
degeneration. Furthermore, specimens showed the presence of some osteoclasts. Expansion of 
blood vessels was seen in the area of the extension site. 
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Figure 10. Immunohistochemical features of HSP in control (a), and 1-hour (b), 3-hour (c) and 24-hour 
(d) experimental specimens. 

In experimental specimens, immunostaining of HSP70 was observed in the periodontal 
fibroblasts, cementoblasts and vascular endothelial cells of the extension site. Through all 
experimental groups, there were no IHC reactions in osteoblasts of periodontal ligament. In 
the dental pulp tissue, positive reactions were seen and were stronger than in control 
specimens. In control specimens, almost all periodontal ligament cells showed a negative 
reaction, except for a few fibloblasts. In conclusion, we thought that the mechanical stress for 
orthodontic treatment might cause dynamic histological change within a short time as well as 
expression of HSP70 in periodontal ligament tissue. 
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Abstract 

With the development of highly specific antibodies and improvements in detection 
systems, immunohistochemistry has become a common analytical technique, and 
detection techniques such as the avidin/biotin- and polymer-based methods are widely 
used in pathological research and diagnosis. Meanwhile, the development of molecular- 
targeted agents that make attacks against proteins and their sites via kinase activity has 
led to increasing demand for a next generation IHC approach. Here, we outline recent 
methodologies that are useful for advanced IHC analysis in pathological research into 
therapeutic agents. 


Introduction 

Immunohistochemistry (IHC) is an integral part of both diagnostic and research 
processes. The history of IHC started in 1941 when bacteria were identified using a direct 
fluorescent method, and then followed the indirect method, the enzyme-based method with 
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horseradish peroxidase (HRP) conjugates, the peroxidase anti-peroxidase (PAP) method in 
the 1970s, methods based on the avidin-biotin reaction in the early 1980s, and the use of 
dextran polymer technology in the mid-1990s [1-3]. These advances led to more sophisticated 
and sensitive IHC techniques, and prototypes of the currently used IHC techniques were 
almost complete by the late 1990s. With respect to diagnostic processes, IHC has become an 
indispensable tool for pathological testing, and detection techniques such as the avidin/biotin- 
based and polymer-based methods are performed on automated platforms in many pathology 
laboratories (Figure 1) [3,4]. On the other hand, for research purposes, there is an increasing 
demand for advanced IHC approaches because of the recent emergence of new types of 
molecular-targeted agents, for which understanding of the therapeutic mechanism is 
important, and antibodies that allow for the visualization of small molecular structures 
including phosphorylated sites on proteins and hapten conjugates such as fluorescent dyes. In 
recent years, therefore, several strategies have been developed to help researchers better 
comprehend tissue information, especially on formalin-fixed paraffin-embedded tissues, 
which provide a lot of useful information during IHC analysis. 


Immunohistochemical Analysis with Phospho-Specific 
Antibody to Monitor Protein Phosphorylation State 

in Tissue 

In pathologic research related to molecular-targeted agents, in particular that related to 
small molecule-type kinase inhibitors such as gefitinib and erlotinib, IHC for phosphorylated 
proteins is a key technique. Whether the phosphorylation state of a protein is determined by 
the above-described conventional detection methods depends upon the titer and reactivity (i.e. 
sensitivity and specificity) of the primary antibody employed and the molecular number of 
the phosphorylated protein. Higher detection sensitivity is often needed for the determination 
of phosphorylation state in formalin-fixed, paraffin-embedded tissue. The catalyzed signal 
amplification (CSA) system, which is based on the peroxidase-mediated deposition of 
haptenized tyramide and is also known as the tyramide signal amplification (TSA) and the 
catalyzed reporter deposition (CARD) system, is widely accepted as a highly sensitive 
detection method for IHC and in situ hybridization [5-7], and a ready-to-use type detection kit 
that employs biotinyl-tyramide and avidin-biotin complex reactions (BT-CSA) is commonly 
used in pathologic research with archival tissue [7,8]. However, until relatively recently, the 
practicality of the existing BT-CSA method was limited because of its complex staining 
procedure with multiple reaction steps and its enhancement by BT, which results in 
undesirable staining caused by endogenous biotin in the tissue. 

Recently, a biotin-free simplified CSA method, employing fluorescyl-tyramide and an 
anti-fluorescein antibody reaction (FT-CSA), has been developed [9] and allows for quick, 
reproducible detection (Figure 2). Our data concerning detection sensitivity shows that both 
CSA methods are 100-fold more sensitive than the conventional methods, while the total 
detection time required for the FT-CSA is almost the same as that of conventional methods 
(70-80 minutes) and much shorter than that of the time-consuming BT-CSA method (120 
minutes) [9]. Thus, this improved CSA technology is simplified to the level where it can be 
used in routine testing and large-scale tissue based-clinicopathologic research. 
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Figure 1. Conventional immunohistochemical detection methods. Horseradish peroxidase (HRP) and 
alkaline phosphatase are commonly employed as enzymes for visualization with chromogen. A: The 
polymer -based method in which dextran polymer is commonly used. B: Streptavidin/biotin reaction- 
based methods including the labeled streptavidin (LSAB) and streptavidin-biotin complex (sABC) 
methods. 



Figure 2. Highly sensitive immunohistochemical detection method. The catalyzed signal amplification 
system, which employs fluoresceinyl tyramide (FT-CSA), is a representative enhancement technique 
that is suitable for pathological research with archival tissue sections. The method consists of two steps, 
an amplification step by first-step peroxidase-labeled antibody and fluoresceinyltyramide (a), and a 
visualization step by second-step peroxidase-labeled antibody and chromogen (b), in both of which 
microscopic observation of immunosignals is possible (inset photos; HER4 IHC analysis in A431 
epidermoid cell lines). 

In our previous study on IHC analysis of phosphorylated EGFR (pEGFR) proteins in 
archival NSCLC tissues, we found a significant difference in the staining results obtained 
using the FT-CSA and those obtained via conventional methods. Also, the results from an 
EGFR mutation assay exhibited a substantially higher correlation with the results from the 
FT-CSA than with those produced by conventional methods. Thus, it is important to carefully 
select a suitable detection method. Moreover, when several specific antibodies against 
different phosphorylated sites of a protein are available, the phosphorylation level of each site 
can be analyzed with their antibodies as well as by Western blot analysis. Such an approach 
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provides information on which phosphorylation sites on a protein correlate with clinical 
outcomes and the histological tissue distribution of activation in each phosphorylation site. 

When phosphorylation-specific antibodies are employed for IHC analysis, validating 
them in a pilot study is a key factor for accurate monitoring of phosphorylated protein in 
tissue [9,10]. Among the commercially available phosphorylation-specific antibodies, some 
have insufficient specificity and react with non-phosphorylated target protein or 
phosphorylated family protein of target other than phosphorylated target proteins. Therefore, 
it is preferable to confirm the specificity of each antibody using biochemical analysis such as 
western blotting with a purified phosphorylated target as well as proteins and peptides from 
the same family. However, it is often difficult to obtain the appropriate standard proteins and 
peptides for performing method validation. A dephosphorylation assay by phosphatase 
treatment is an effective way of doing this and at least it can be readily confirmed whether an 
antibody binds to only phosphorylated tissue or to both phosphorylated and non- 
phosphorylated targets. In this assay, calf intestinal alkaline phosphatase and lambda 
phosphatase are commonly used, and are applied to deparaffmized, antigen-retrieved tissue 
sections when archival materials are subjected to analysis [9,10]. 

In summary, for monitoring the phosphorylation state of a tissue, highly sensitive 
detection provides an effective alternative to conventional detection, especially for archival 
material in which the fixation process is not controlled sufficiently compared with 
experimental material such as xenografts. The selection and validation of the 
phosphorylation-specific antibody used are also key processes for obtaining reliable 
histological information. 


IMMUNOHISTOCHEMICAL ANALYSIS WITH THERAPEUTIC ANTIBODY 

for Identification of A Direct Target in Tissue 

Since trastuzumab-based therapy started in the late 1990s, there has been growing interest 
in pathological research relating to therapeutic antibodies against solid tumors. At present, 
three types of recombinant human monoclonal antibodies (rh-mAb) are used: i) human- 
mouse chimeric antibodies as represented by cetuximab, ii) humanized antibody as 
represented by trastuzumab, and iii) completely human antibody as represented by 
panitumumab have already been approved as therapeutic antibodies, and quite a number of 
other candidates are undergoing clinical trials. To understand the biochemical binding 
properties of these therapeutic rh-mAbs and the intratumoral localization of the target proteins 
that are bound by these agents in tissue, an IHC approach that uses them as primary 
antibodies is very useful. Prior to the development of the rh-mAb, IHC analysis with human 
antibodies such as serum autoantibody had been tried, but there were major technical 
difficulties in the analytical method. In general, using rh-mAb as the primary antibody makes 
it impossible to use a conventional detection system because anti-human secondary antibodies 
bind to endogenous antibodies that are present in human tissues, resulting in undesirable 
background staining. 

To overcome this, two progressive methodologies have recently been established by 
Bussolati et al. [11] and Glazyrin et al. [12] (Figure 3). One is a method that is based on 
masking endogenous antibodies using blocking reagent [12]. 
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Figure 3. Immunohistochemical detection methods with therapeutic antibodies for analysis of human 
tissues. Therapeutic antibodies such as human-mouse chimeric antibody, humanized antibody, and 
completely human antibody are used as the primary antibody in these methods. A: A method with 
hapten-labeled therapeutic antibody. B: A method with non-labeled therapeutic antibody using a 
reagent that blocks endogenous human Igs. 

This method allows for enhancement of rh-mAb-derived signals using a conventional 
detection system without any modification. The other is a method that is based on the 
haptenization of rh-mAb, and biotin is commonly used as the hapten molecule [11,12]. This 
method allows for complete elimination of the background staining caused by endogenous 
antibodies in human tissues. In our study, fluorescein-conjugated rh-mAb was employed for 
IHC analysis (Figure 3). Use of this hapten conjugate has several advantages including 
removal of the background staining that results from endogenous biotin, direct applicability to 
flow cytometry and immunofluorescence analyses, and the possibility of further enhancement 
using the above-mentioned FT-CSA system. These two methods can both be performed on an 
automated platform. 


Chromogenic Visualization of Dual-Color FISH Signals 
with Anti-Hapten Antibodies 

The fluorescence in situ hybridization (FISH) technique has become a powerful tool for 
genetic analysis in pathological testing and research. In routine genetic testing with formalin- 
fixed, paraffin-embedded tissues, FISH is mainly used in the differential diagnosis for 
lymphoid and soft tissue tumors in which chromosomal abnormalities such as translocation 
are involved [13]. It is also used to predict the responsiveness to molecular-targeted therapy 
of solid tumors in which the gene copy number has changed due to amplifications, deletions, 
or aneusomies [14]. In particular, in HER2 testing to select suitable patients for trastuzumab 
therapy, FISH is commonly used to determine the status of gene amplification in breast 
cancer cells as is the IHC method [15,16], because results produced by these two methods 
correlate well with each other, and both provide clinical benefits. However, because of its 
limitations, FISH is not as widely available as IHC in spite of its superiority as a quantitative 
test. In general, FISH analysis is more expensive and time-consuming than IHC analysis and 
also requires specialized expertise and equipment for fluorescence observation. 

Under such circumstances, the chromogenic in situ hybridization (CISH) technique has 
been attracting attention in recent years. It is a well-known technique and has already been 
approved for HER2 testing [15,16]. There are two major CISH methods used in HER2 
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testing, the diaminobenzidine (DAB)-based and silver-based visualization systems, both of 
which are used in a single-color manner, unlike the dual-color FISH method that is commonly 
used in pathological testing and research. Recently, a new type dual-color CISH system was 
developed with an improved chromogen [17]. The CISH system converts the green and red 
fluorescent signals that are detected by the FITC- and Texas Red-labeled FISH probe mix into 
long-time stable blue and red chromogenic signals by immunostaining with a mixture of two 
different anti-hapten antibodies against the fluorescent dyes (Figure 4). This chromogenic 
visualization can be used to identify gene amplification and deletion and chromosomal 
translocation. We have introduced a method for analyzing the tissue heterogeneity of gene 
alterations, for which the FISH method isn’t really suitable, and obtained a good staining 
pattern with both a commercially available probe and an in-house BAC clone probe. We have 
also succeeded in converting more than 70 FISH stained tissues that had been stored at low 
temperature (4°C) for three years into CISH stained tissues, which can be stored semi¬ 
permanently. With the development of translational research via array-based comparative 
genomic hybridization, there is a growing need to further analyze the identified cancer-related 
gene alterations in archival tissues. We believe that the approach outlined above will be 
accepted as an alternative to FISH analysis in future pathological research. 
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Figure 4. A detection method for chromogenic visualization of dual-color FISH signals with anti-hapten 
antibody. After FISH-staining with two different fluorochromes such as FITC and Texas Red (a and 
inset photo a; HER2 FISH analysis in breast carcinoma), archival tissue can be immunohistochemically 
detected using the corresponding anti-fluorochrome antibodies and two different chromogens (b and 
inset photo b; HER2 CISH analysis in the same lesion as in the upper photo). 
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Advanced Immunohistochemical Techniques and their 

Method Validation 

The importance of biomarkers in anti-cancer drug development has been strongly 
emphasized in several studies [18-20]. To extend our understanding of the molecular basis of 
cancer, anti-cancer drug development now focuses on targeting the specific molecular 
alterations present in cancer cells and finding biomarkers for them. The advanced IHC 
approaches for archival tissues shown in this review are often required in biomarker research. 
During these processes, method validation is a crucial step that researchers must take when 
they establish a new IHC method. IHC approaches sometimes fail to demonstrate diagnostic, 
prognostic, and/or predictive significance. This is not because of an error in the underlying 
scientific rationale but rather due to poor method validation. Among the key elements 
involved in validating an IHC approach, the reference tissue material used during the 
validation phase is one of the most important, and cell line based sections are a powerful tool 
for verifying the results analyzed. We often employ formalin-fixed, paraffin-embedded 
tissues prepared from in vivo cell line xenograft materials [21] and in vitro cell line material 
cultured three-dimensionally in gel matrix materials [22] (Figure 5) as these materials allow 
us to verify IHC techniques and to ensure the reliability of the data obtained from them due to 
their well-characterized cellular information regarding biochemical and molecular alterations. 



Figure 5. Immunohistochemical staining of phosphorylated EGFR in A431 epidermoid cell lines. 
Tissues from A431 xenograft bearing SCID mouse (A) and 3D-cultured A431 cells in collagen gel (B) 
were formalin-fixed, paraffin-embedded, and used for method validation. 


Conclusion 

This commentary has focused on recent methodologies for advanced IHC in pathological 
research for molecular-therapeutic agents. With cutting-edge innovations including antibody 
production technologies, there are increasingly powerful tools for research available. 
Furthermore, while these can be employed for emerging IHC analysis, method validation is 
also important to ensure the reliability of the data obtained. 
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Abstract 

Processing biological specimens for light microscopy (LM) and electron microscopy 
(EM) requires a critical amount of samples. We report a pre-embedding technique for 
processing scarce biological specimens for LM and EM. The technique is based on 
immobilizing the samples in bovine serum albumin (BSA) and bis-acrylamide (BA), cross- 
linked and polymerized. The preparation is compatible with a broad range of histological and 
electron microscopy protocols and procedures. It presents several advantages over other pre¬ 
embedding techniques; it is rapid, simple, and permits efficient and reproducible analysis of 
scarce biological specimens by LM and EM. The technique may be particularly useful for 
processing specimens, like biopsies, cystic and amniotic-fluid cells. 


Introduction 

Light microscopy and electron microscopy are powerful techniques for studying the 
structure and ultrastructure of tissues, cells, particles and organisms (Leapman, 2004). New 
types of software allow three-dimensional re-construction of the structure and ultrastructure 
of specimens, providing further information on the organization of the biological samples 
(Radermacher and Ruiz, 2006). Results from these studies are correlated with other 
investigations, like immunological, biochemical and physiological studies, to unravel the 
relationship structure-function of the specimens (Mannello et al., 1998; Malatesta et al., 
1999). 
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Processing biological specimens for LM and EM requires a critical amount of material, to 
go through multiple steps of dehydration, infiltration and embedding, before they can be 
studied under the microscope (Wang and Minassian, 1987; Mascorro and Bozzola, 2007). For 
some samples, like biopsies, cystic and amniotic-fluid cells, barely enough material can be 
obtained to be processed safely, requiring them to be pre-embedded in a solidified matrix, of 
agarose or gelatin, prior to processing (Malatesta et ah, 1998). However, the difficulty in 
identifying the samples in the solidified gel and the fragility of the gel limit the efficiency and 
reliability of these techniques. We report a simple and direct pre-embedding technique for 
processing scarce biological specimens for LM and EM. It is based on pre-embedding the 
samples in BSA and BA, cross-linked and polymerized with paraformaldehyde (PF), 
glutaraldehyde (GA) and ammonium persulfate (AP). 


Pre-Embedding Biological Specimens in BSA and BA 

Pre-embedding scarce biological specimens in BSA and BA requires the preparation of 
two solutions: a pre-embedding mix, and a cross-linking and polymerizing mix. The pre¬ 
embedding mix is prepared by mixing, per sample: 6.6 pi of 30% BSA, 5 pi of 40% BA and 1 
pi of Temed, corresponding to a volume of 12.6 pi per sample (Table 1). The cross-linking 
and polymerizing mix is prepared, by mixing: 24 pi of 12.5% PF, 2 pi of 25% GA and 5 pi of 
10% AP (Table 1). The pre-embedding, and cross-linking and polymerizing mixes are 
prepared aside. The cross-linking and polymerizing mix is prepared immediately before use. 

Table 1. Pre-embedding biological specimens in BSA and BA 


Pre-embedding mix 



Reagents 

Stock solution (%) 

pi stock solution per 
sample 

BSA 

30 

6.6 pi 

BA 

40 

5 pi 

Temed 

100 

1 pi 

Cross-linking and 
polymerizing mix 



Reagents 

Stock solution (%) 

pi stock solution 

PF 

12.5 

24 pi 

GA 

25 

2 pi 

AP 

10 

5 pi 


Abbreviations: AP, ammonium persulfate; BA, bis-acrylamide; BSA, bovine serum albumin; GA, 


glutaraldehyde; PF, paraformaldehyde. 

The technique reported, for pre-embedding scarce biological specimens in BSA and BA, 
applies to tissues or cells, prepared as pellet or suspension. Prior to pre-embedding, the 
biological specimens are fixed in 4% PF for 10 min for processing for LM, or 2.5% GA for 
10 min for processing for EM. The biological specimens are prepared in 23.1 pi of phosphate 
buffer saline (PBS), by immersion for tissues or cell pellets, or resuspension for cell 
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suspensions. The pre-embedding solution is prepared by adding 6.2 pi of the cross-linking 
and polymerizing mix, per sample, to the pre-embedding mix. The pre-embedding solution is 
gently mixed, prior to adding to the samples; 18.8 pi of the pre-embedding solution are added 
per sample. The pre-embedding solution must be carefully added and mixed into the samples 
prepared in PBS, not to disrupt it, particularly when handling cell pellets. The final volume 
for each sample is 41.9 pi. The final concentration of BSA and BA are 4.7 and 4.8 %, 
respectively. The samples are left at room temperature, for 1 to 1 h 30 min, for cross-linking 
and polymerization of the pre-embedding solution. The samples are then transferred in PBS, 
for further processing. 


Processing Biological Samples Pre-Embedded in BSA and 

BA for LM and EM 

For LM processing, the biological samples, pre-embedded in BSA and BA cross-linked 
and polymerized, are transferred in sucrose 30%, in phosphate buffer and left at 4°C, 
overnight. The samples are embedded in OCT-tissue tek or paraffin, for example, and 
processed for histological protocols and procedures, like sectioning on microtome or cryostat. 
Sections are stained with histological stains, like cresyl violet, and processed for immuno- 
histology or -cytology (Taupin, 2008). 

For EM processing, the biological samples, pre-embedded in BSA and BA, are cut into 1 
x 2 x 2 mm pieces. When processing tissues or cell pellets, the samples, pre-embedded in 
BSA and BA, are observed under light microscope to visualize, cut out and isolate the pieces 
of gel containing the biological material. The samples are dehydrated through graded 
concentrations of ethanol, and embedded in araldite or LR White. Semi-thin and thin sections 
are prepared using an ultramicrotome. Semi-thin sections are mounted on glass slides and 
stained with methylene blue, to visualize the samples. Thin sections are mounted on formvar- 
coated grids. The grids are stained with uranyl acetate, at room temperature for 10 min., 
followed by lead citrate, at room temperature for 10 min. (Taupin, 2008). 


Discussion 

We report a simple and direct pre-embedding technique for processing scarce biological 
specimens for LM and EM. It is based on pre-embedding the samples in BSA and BA, cross- 
linked and polymerized. The technique is compatible with a broad range of LM and EM 
protocols and procedures. 

Processing scarce biological specimens for LM and EM requires the samples to be pre- 
embedded in a solidified gel, to be processed safely. We report that a mixture of 
approximately 5% BSA and 5% BA, cross-linked with PF and GA, and polymerized with AP, 
produce a gel-like matrix, suitable for pre-embedding tissues and cells, as pellets or a 
suspension. Biological samples, pre-embedded in BSA and BA, can be processed using a 
broad range of protocols and procedures for LM and EM. For LM, the samples can be 
processed for cryostat and paraffin sectioning, and cresyl violet staining. For EM, they can be 
processed for LR White and araldite embedding, as well as staining with uranyl acetate and 
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lead citrate. Osmium post-fixation is a usual procedure for staining samples for EM, as it 
enhances the contrast when viewing under an electron microscope (Mascorro and Bozzola 
2007). Osmium post-fixation is not performed when processing scarce biological samples, 
before or after pre-embedment in BSA and BA. On the one hand, before pre-embedment, it 
would result in loss of samples, particularly when processing cells, as pellet or suspension. 
On the other hand, it would result in samples contaminated with osmium, when performed 
after pre-embedment. 

The technique has been developed and validated using HEK 293 cells, fibroblasts and 
brain tissue samples. It can be applied to a broad range of tissues and cells, originating from 
diverse sources. Studies reveal that the structure and ultrastructure of cells and tissues, pre¬ 
embedded in BSA and BA, are well preserved when processed for LM and EM, despite the 
samples not being post-fixed with osmium. Uranyl acetate and lead citrate staining of thin 
sections mounted on formvar coated grids prove to efficiently stain the biological specimens 
for EM (Taupin, 2008). 

The use of BSA coupled with BA offers several advantages and benefits for processing 
scarce biological samples, over other techniques for pre-embedment. The gel-like matrix 
formed with BSA and BA is translucent, making it possible to identify the tissues or cells, 
prepared as pellet, in the cross-linked and polymerized gel and cut them out, as opposed to 
agarose or gelatin that are opaque once solidified. Further, the use of BA to polymerize the 
gel-like matrix offers a more resistant matrix for processing samples, throughout the 
histological procedures, particularly for EM processing that requires multiple and longer 
steps. 

In all, pre-embedment of scarce biological specimens, in BSA and BA, results in efficient 
and reproducible processing and analysis of the samples by LM and EM. It also represents an 
improvement over most commonly used techniques for pre-embedding biological samples. 
Processing tissues and cells for cryostat and paraffin sectioning allows performing immuno- 
histological and -cytological staining and analysis of the samples. LR White is used when 
investigators aim at performing post-embedding immunological reactions for EM (Timms 
1986). However, the conditions for performing immunostaining, on samples pre-embedded in 
BSA and BA, remain to be established and validated. BSA has been previously reported as a 
clinical sealant and for derived applications, like spinal cord disc repair (Fiirst and Banerjee, 
2005; Pursifull and Morey, 2007). Investigations will need to be conducted to evaluate the 
merit of the gel-like substance of BSA and BA, cross-linked and polymerized, for surgical 
applications. 


Conclusion 

We report a simple and direct pre-embedding technique for processing scarce biological 
specimens for LM and EM; the samples are pre-embedded in BSA and BA, cross-linked and 
polymerized. The technique is compatible with a broad range of LM and EM protocols and 
procedures. It is applicable to tissues and cells, prepared as pellet or suspension. The 
technique represents an improvement over others, like the ability to visualize the samples 
once pre-embedded and a better resistance to histological processing. It allows a more 
efficient and reproducible analysis of the samples by LM and EM. The technique is 
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particularly suitable for studying scarce isolated cells and rare human material, like biopsies, 
cystic and amniotic fluid cells. As such, it will contribute to advances in cell biology. Further 
investigations must be carried out to evaluate the merit of the gel-like substance of BSA and 
BA, cross-linked and polymerized, for other applications, like immunological staining of the 
samples and for surgical applications. 
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Abstract 

Autoimmune diseases, such as rheumatoid arthritis (RA) and systemic lupus 
erythematosus (SLE) are facilitated by B cells that have lost self-tolerance. B cells 
contribute to autoimmune diseases by production of autoantibodies, by presenting 
autoantigens or by secreting proinflammatory cytokines. For that reason, it is important to 
understand the origin of autoreactive B cells and their role in the pathogenesis of 
autoimmune disease. Many autoreactive B cell receptors (BCR) are normally generated 
during B cell development, but in healthy individuals most of the B cells carrying an 
autoreactive BCR are silenced by deletion, receptor editing, inclusion or anergy. 
Interestingly, in humans a unique self-reactive VpreB + LC + B cell subset was identified, 
which comprises 0.5-1% of circulating B cells and co-expresses conventional 
immunoglobulin light chain (Ig LC) and the non-rearranging surrogate light chain (SLC), 
which was previously thought to be exclusively expressed during early B cell 
development. These VpreB + LC + B cells are present in healthy individuals and accumulate 
in the joints of some patients with RA. They manifest an unusual Ig heavy chain (HC) 
and LC repertoire, which displays evidence for receptor editing and is associated with 
autoimmunity. To elucidate the role of these autoreactive VpreB + LC + B cells in the 
development of autoimmunity, we have recently generated a novel SLC-transgenic 
mouse model in which all B cells coexpress SLC components. Here we review the 
characteristics of the unique subset of VpreB + LC + B cells identified in human and discuss 
our findings in the SLC-transgenic mouse model in the context of the involvement of 
VpreB + LC + B cells in the etiology of autoimmune disease. 


Department of Pulmonary Medicine, Room Ee2251, Erasmus MC Rotterdam, PO Box 2040, NL 3000 CA 
Rotterdam, the Netherlands; Phone: ++31-10-7043700; E-mail: r.hendriks@erasmusmc.ml. 
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Introduction 

Autoimmune diseases are characterized by a breakdown of tolerance of the immune 
system to self-antigens. An immune reaction against self-antigens is cooperatively established 
by antigen presenting cells, T lymphocytes and B lymphocytes. B cells do not only contribute 
to autoimmune pathology through the production of autoreactive antibodies, but also via the 
production of proinflammatory cytokines or by presenting auto-antigens to T cells. That B 
cells play a key role in driving autoimmune responses is clearly illustrated by the 
continuously expanding group of autoimmune diseases that can be treated by B cell depletion 
therapy (reviewed in Ref. [1]). In several auto-immune diseases up to -40% of all mature B 
cells in patients are self-reactive [2,3]. Nevertheless, high fractions of self-reactive B cells per 
se do not directly explain the contribution of B cells to auto-immune disease, since even in 
healthy individuals -20% of mature B cells have affinity for self-antigens [4]. Therefore, it is 
evident that in autoimmune disease silencing or control of the activation of autoreactive B 
cells is severely hampered. To understand how self-reactive B cells contribute to 
autoimmunity it is of vital importance to know how self-reactive B cells can emerge, 
differentiate and survive, and how they are controlled once they have fully matured (see Ref. 
[5,6] for recent reviews). In this review, we focus on a recently identified interesting subset of 
B cells that co-express immunoglobulin (Ig) light chain and the non-rearranging surrogate 
light chain (SLC), which manifests an unusual self-reactive Ig repertoire. 


Induction of Self-Tolerance During B Cell Development 

Each B cell assembles during its differentiation a unique B cell receptor (BCR) through 
recombination of V, D, and J gene segments that encode the antigen-recognizing variable 
parts of the BCR Ig heavy chain (HC) and light chain (LC)(reviewed in Ref. [6,7]). 
Successful V(D)J rearrangement at the pro-B cell stage of the Ig HC locus leads to surface 
expression of the precursor-B cell receptor (pre-BCR), composed of a Ig p HC and the non¬ 
rearranging X5 and VpreB SLC components [8-11] (Figure 1). The pre-BCR signals for 
proliferation of the now called large pre-B cells and induces further cellular differentiation. 
Next to the induction of surface markers such as CD2, the IL-2 receptor and MHC class II, 
this includes termination of SLC expression and redirection of the V(D)J recombination 
machinery from Ig HC to the Ig k and X LC loci (reviewed in Ref. (12-14). Upon successful 
rearrangement of the Ig k or X locus, small pre-B cells differentiate into immature B cells that 
express a fully rearranged BCR of the IgM isotype on the cell membrane. 

The random nature of the V(D)J recombination process generates a diverse BCR 
repertoire, including potential autoreactive BCRs [4]. Indeed, -50-75% of early B cells carry 
an autoreactive BCR that is polyreactive to several antigens, including DNA, 
lipopolysaccharide (LPS) or insulin [15]. To ensure self-tolerance, B cells carrying an 
autoreactive BCR are counterselected or silenced at multiple checkpoints throughout B cell 
differentiation (Figure 1). There are three major mechanisms that shape the repertoire of 
developing B cells and thereby silence autoreactive B cells: clonal deletion, receptor editing 
(including inclusion) and anergy. 
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Figure 1. Overview of B cell development. B cells are classified into different stages based on 
rearrangement status of the Ig HC and LC loci. Four major checkpoints for BCR repertoire selection 
and silencing of autoreactive B cells are indicated: 1= pre-BCR checkpoint; 2= immature B 
cell/receptor editing; 3= peripheral transitional B cell; 4= (lack of) second activation signal. 

A fourth mechanism controls the activation of mature B cells by preventing B cell 
activation in the absence of a second activation signal, i.e. T cell help or Toll like receptor 
(TLR) signaling. 


(1) Clonal Deletion 

The pre-BCR, expressed at the large pre-B cell stage, is the first checkpoint to test 
functionality of the newly arranged Ig HC. As a large fraction of the initial formed Ig ju HC 
cannot pair with the SLC complex, this checkpoint accounts for a substantial change in Ig HC 
repertoire [16]. Very recently, it was proposed that the pre-BCR also serves as a checkpoint to 
eliminate potential autoreactive Ig HCs, as mice deficient for the SLC components exhibit a 
relative increase in activated B cell numbers and elevated serum concentrations of antinuclear 
autoantibodies [17]. The Ig HC repertoire in SLC-deficient mice displayed prototypical 
autoantibody features, including an increase of length and basic amino acid content of the 
complementarity-determining region 3 (CDR3). Similar features were overrepresented in 
cloned Ig HCs from human X5-deficient bone marrow B cells, implicating that negative 
selection of such Ig HCs also occurs in human pre-B cells [18]. Striking is the finding that 
SLC-deficient mice showed a clear enrichment beyond the pre-B cell stage of Ig HC CDR3 
regions containing multiple basic amino acids, indicating that in SLC-deficient mice self¬ 
tolerance is lost beyond the pre-BCR checkpoint [17]. Because SLC-deficient mice have a 
strongly reduced peripheral B cells fraction due to a severe pre-B cell arrest, it cannot be 
excluded that the enrichment of autoreactive B cells beyond the pre-B cell stage in SLC- 
deficient mice is a direct result of the lymphopenia. B cell lymphopenia relieves the 
competition between autoreactive and non-autoreactive B cells for survival factors, such as B 
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cell activating factor (BAFF), in peripheral niches [19,20]. Therefore, the autoreactive BCR 
repertoire in SLC-deficient mice might reflect a less stringent counterselection of autoreactive 
B cells in the periphery. Additional research should elucidate the true significance of the pre- 
BCR checkpoint in inducing self-tolerance. 


(2) Receptor Editing 

A second major checkpoint during B cell development is the immature B cell stage. At 
this stage, the newly formed BCR becomes for the first time membrane expressed, allowing 
to sense whether it binds self-antigens. Immature B cells expressing an auto-reactive BCR are 
at this point silenced by apoptosis, unless they manage to alter the BCR specificity by 
receptor editing (Figure 2) [21-23]. Receptor editing is a process of continued V(D)J 
rearrangement of productively recombined Ig LC loci, to generate a new, non-autoreactive 
BCR. The ongoing V(D)J rearrangement results in the joining of more upstream V segments 
to more downstream J segments. Once the recombination possibilities of the used Ig LC locus 
are exhausted, V(D)J recombination may continue at different Ig LC loci after inactivation of 
the autoreactive locus (24). Successful abolishment of BCR self-reactivity by receptor editing 
prevents central deletion of autoreactive immature B cells and allows their migration to 
secondary lymphoid organs to continue their differentiation [22, 23] Receptor editing is a 
major mechanism to shape the BCR repertoire, since studies in Ig LC transgenic mice 
demonstrated that -25% of peripheral B cells in these mice express edited LCs [25, 26]. 

Although receptor editing is intended to delete autoreactive specificities from the BCR 
repertoire, V(D)J recombination of a second Ig LC locus without recombinatorial deletion of 
the originally autoreactive Ig LC allele may lead to preservation of this autoreactive allele 
throughout further B cell differentiation. This then gives rise to peripheral B cells expressing 
dual BCRs, a phenomenon referred to as allelic inclusion [27-29]. Co-expression of an 
innocuous and an autoreactive Ig LC, both competing for binding to the same Ig HC, will 
dilute out the self-reactive BCR on the cell surface, thereby allowing the originally 
autoreactive B cell to escape elimination or silencing. The persistence of B cells that encode 
dual BCRs poses a threat to self-tolerance, as these cells can produce autoantibodies that have 
the potential to participate in autoimmune disease [28, 29]. 


(3) Anergy 

Those immature B cells that successfully pass the first major autoreactivity checkpoint in 
the bone marrow fully upregulate surface BCR expression and migrate to secondary lymphoid 
organs. When these immature B cells arrive in a new antigenic environment containing self¬ 
antigens that are absent in the bone marrow, they are reassessed at a next BCR checkpoint. At 
the transition from short-lived immature into long-lived mature B cell, B cells carrying a self¬ 
reactive BCR are silenced either by apoptosis or by functional inactivation, a mechanism 
referred to as anergy. 
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Figure 2. Four mechanisms to achieve B cell tolerance. B cells with an auto-reactive BCR can (i) be 
driven into apoptosis, (ii) undergo receptor editing of the Ig LC, (iii) dilute out the self-reactive BCR by 
co-expression of an innocuous conventional LC, or (iv) become anergic. 

Anergic B cells have become unresponsive to their cognate antigen, a condition which is 
induced by changes in their gene expression profile [30, 31] Anergic/autoreactive B cells 
depend for their survival on BAFF. During maturation of weakly autoreactive transitional B 
cells, BAFF counterregulates the activation of apoptosis signaling pathways upon self-antigen 
recognition by the BCR. Since in peripheral lymphoid organs BAFF availability is normally 
limited, this anti-apoptotic cytokine preferentially sustains the survival of non-autoreactive B 
cells in which BCR mediated pro-apoptotic signaling is minimal. As anergic B cells poorly 
compete with normal B cells for the limited amounts of BAFF present, this survival factor 
controls the life span and thereby the number of anergic B cells (See Ref. [32] for a recent 
review on the role of BAFF in peripheral B cell selection and survival). Either increased 
BAFF production or decreased BAFF consumption due to low B cell numbers can relax the 
competitive pressure between non-autoreactive and autoreactive B cell clones, thereby 
allowing more autoreactive transitional B cells to survive and differentiate in peripheral 
lymphoid organs [19, 20]. 

Anergic B cells frequently exhibit a shortened life-span and are often restricted in their 
differentiation and activation. As a result, anergic B cells normally do not participate in auto¬ 
immune responses. However, the anergic state of autoreactive B cells is reversible, as 
removal self-antigen allows further differentiation and activation of the anergic B cell. Thus, 
chronic BCR stimulation by the self-antigen is required to maintain anergy of these cells 
[33,34]. Therefore defects in the induction or maintenance of anergy might contribute to the 
pathogenesis of autoimmune disease. For example, it has been demonstrated that transgenic 
self-reactive BCRs fail to induce B cell anergy in autoimmune prone MRL/lpr mice [35,36], 
while in non-susceptible mouse strains these transgenic B cells are restrained in their 
differentiation into mature B cells and plasma cells. 
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The mechanism by which an autoreactive B cell is silenced is determined by the 
developmental stage at which the BCR is exposed to the self-antigen, the nature of the self¬ 
antigen, as well as the avidity of its BCR for the autoantigen. While auto-antigens that 
extensively crosslink BCR’s evoke a strong BCR signal that prefentially instructs apoptosis 
of the transitional B cell stage, self-antigens that weakly crosslink autoreactive BCRs are 
more prone to render the B cell anergic [34]. 


(4) Lack of Second Activation Signal 

Despite stringent counterselection of self-reactive B cells during B cell development, still 
-20% mature B cell compartment is autoreactive [4]. This fraction of self-recognizing B cells 
includes marginal zone (MZ) and B-l B cells, which are known to produce antibodies to 
blood-borne pathogens and so-called “natural antibodies”, respectively [37]. Nevertheless, the 
fraction of self-reactive B cells has to be tightly regulated to prevent uncontrolled immune 
reactions to self-antigens. To avoid that binding of the BCR to its cognate antigen would on 
itself be sufficient to elicit a B cell response, a second signal - which is only provided if 
recognized antigen is truly exogenous - is obligatory to permit mature B cell activation. 
Would B cell activation solely depend on a BCR stimulus, this would enable an autoreactive 
B cell to mount an uncontrolled auto-reactive immune response. The antigen-specific B cell 
can receive this second signal from T helper lymphocytes, or directly via TLRs that recognize 
pathogen associated molecular patterns (PAMPs) of the antigen. In auto-immunity, parallel 
recognition of a self-antigen by the BCR and TLR, resulting in simultaneous BCR- and TLRs 
signaling, might therefore provide a mechanism to break tolerance of autoreactive B cells. 

As T cell help provides the second signal to activated B cells, B cells that have a potential 
for autoreactivity can be kept in check by the absence of appropriate T cell help. Indeed, T- 
cell tolerance is an important mechanism for maintaining B-cell tolerance, since defective T- 
cell tolerance and activation is a major underlying cause of autoimmune disease in many 
animal models and patients. For example, in healthy Balb/c mice, the anergic status of anti- 
double-stranded DNA B cells can readily be reversed by provision of T cell help by 
autoreactive T cells [40, 41]. Moreover, it has been shown that anti-chromatin B cells secrete 
autoantibodies in vivo upon provision of CD4 + T cell help, whereby CD4 + CD25 + regulatory 
T cells act to inhibit maturation of autoantibody responses (42). Furthermore, inhibition of T- 
B cell interaction (e.g. by anti-CD40 ligand antibodies) is effective in the treatment of SLE 
nephritis [38, 39]. 

The final stage of B cell differentiation where the BCR repertoire is shaped is the 
germinal centre (GC) reaction. In the T cell dependent GC reaction, the BCR is adapted for its 
cognate antigen by somatic hypermutation (SMH) and class switch recombination (CSR), 
both of which are driven by activation induced cytidine deaminase (AID). Since AID induces 
targeted point mutations in the CDRs of the Ig HCs and Ig LCs, this can dramatically alter the 
BCR affinity or even its specificity. As AID activity may also result in the formation of an 
autoreactive BCR, a stringent counterselection of such self-reactive B cells is required. By 
analysis in human of the BCR repertoire of post-GC IgG + memory B cells, it was 
demonstrated that indeed new auto-reactive B cells develop by SHM: whereas -20% of naive 
B cells is self-reactive, up to -40% of the IgG + memory B cells expressed a true de novo 
created self-reactive BCR. Apparently, lack of T cell help prevents activation of these self- 
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reactive IgG + memory B cells [43]. It has also been found that AID overexpression in B cells 
is associated with production of highly pathogenic multireactive autoantibodies [44]. 
Autoreactive IgG + memory B cells were found in similar frequencies in healthy individuals 
and most SLE-patients [45]. Although these autoreactive IgG + memory B cells may 
contribute to auto-immune disease, their role remains unsolved. Likewise, it is unclear 
whether an additional checkpoint does exist to eliminate self-reactive memory B cells. 


Bcr Repertoire Selection in Autoimmune Diseases 

Signaling from the BCR is critical in the counterselection of self-recognizing B cells. 
Attenuation of BCR signaling might dramatically affect the BCR repertoire composition, 
leading to accumulation of autoreactive mature B cells, as has been found in mouse models 
[46-48] and in several human diseases, including X-linked agammaglobulinemia (XLA) [49- 
52]. XLA is caused by mutations in the gene encoding the critical (pre-)BCR signaling 
molecule Bruton’s tyrosine kinase (BTK). It is characterized by an almost complete block of 
B cell development at the pre-B cell stage, resulting in very low numbers of circulating B 
cells [53,54]. It was found that the majority (-60%) of the few residual B cells carry a self¬ 
reactive or polyreactive BCR. The antibodies expressed by XLA B cells were reactive to self¬ 
antigens, including DNA, insulin and LPS. This finding demonstrates that BTK-deficiency 
leads to impaired silencing of autoreactive immature B cells, most likely by impaired sensing 
of auto-antigens at the immature B cell stage [55]. In agreement with this finding several 
cases of XLA patients with autoimmune pathology have been described [56-58]. Taken 
together, this demonstrates that attenuated BCR signaling might provide a mechanism of 
breakdown of central tolerance in certain autoimmune diseases, including RA. 

Many autoimmune diseases are characterized by a distinct signature of disease-specific 
autoantibodies. Prevalent autoantibodies in RA include rheumatoid factors (RF), recognizing 
the constant regions of IgG subclasses and antibodies against cyclic citrullinated 
proteins/peptides [59,60]. In SLE anti-nuclear antigen autoantibodies (ANAs) are found that 
are directed against dsDNA, ssRNA, chromatin, or ribonucleoproteins [61]. Nevertheless 
most of the autoantibodies are not exclusively found in one autoimmune disease, and 
especially RF as well as ANAs can be detected in a variety of autoimmune disorders, 
including Sjogren’s syndrome (SS) [62, 63]. The serology of SS patients is illustrative for 
this, since 75-95% of these patients are positive for RF, -50% are positive for ANAs, and the 
classical SS auto-antibodies anti-Ro/SSA and anti-La/SSB are also directed against nuclear 
antigens and are frequently detected in SLE patients as well [64, 65]. 

The serology of autoimmune patients therefore clearly illustrates that in systemic auto¬ 
immune diseases the tolerance of B cells to multiple self-antigens is breached. Despite this 
general breakdown of B cell tolerance, still differences in BCR repertoire characteristics 
between RA, SLE and SS patients do exist, indicating that the emergence and selection of 
autoreactive B cells differ considerably between these disorders. Apart from antigen driven 
selection of the BCR repertoire, the BCR in these diseases probably are the result of different 
defects at several tolerance checkpoints during B cell differentiation, including survival 
factors. 
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Rheumatoid Arthritis 

In RA patients the silencing of autoreactive B cells is clearly hampered at the immature B 
cell tolerance checkpoint [3]. As a result, their mature naive B cell compartment contains 
increased proportions of autoreactive B cells that can produce classic RA autoantibodies 
(-35-50%, compared with -20% in healthy controls). Moreover, in a fraction of patients, RA 
B cells express an increased proportion of polyreactive BCRs. This shift in BCR repertoire 
specificities in RA patients is clearly reflected by altered Ig HC and LC characteristics of the 
new bone marrow emigrant B cells, e.g. an increase in Ig k CDR3 length and differences in 
Vk and Jk segment usage. In 3 out of 9 patients, these differences comprised a decrease in 
downstream Jk and upstream Vk usage, coherent to a decrease in receptor editing at the 
immature B cell stage. However, as 1 RA patient clearly displayed an increase in receptor 
editing, it is unlikely that a single mechanism affects receptor editing in all these RA patients. 

In addition to the observed defect in central B cell silencing, deletion of peripheral 
autoreactive and polyreactive B cells is clearly defective. In fact, in most RA patients no 
significant decline in the fraction of autoreactive or polyreactive B cells has been observed 
during transitional B cell differentiation. In conclusion, both a defect at central and peripheral 
B cell tolerance contributes to the increased fraction of autoreactive and polyreactive mature 
B cells in RA patients. 


Systemic Lupus Erythematosus 

Also SLE patients show an increase in autoreactive and polyreactive antibodies in the 
mature naive B cell compartment. But in contrast to the clear defect in central tolerance in 
RA, neither the number of Ig HC CDR3 -positive charges nor their lengths or specific Ig gene 
usage was sufficient to predict polyreactivity in SLE patients [2]. In new bone marrow 
emigrant B cells from SLE patients, Ig HC and Ig LC features such as V and J segment usage 
and CDR3 length were not significantly different from those observed in healthy controls. 
Although investigation of the peripheral B cell BCR repertoire in various studies did not yield 
entirely consistent results regarding Vk and Jk usage, it appears that receptor editing a the Ig 
k locus is increased, when compared with healthy controls [2, 66, 67]. 

Importantly, auto-antibodies in SLE specifically recognize DNA and ssRNA, which may 
well act as TLR-ligands. DNA-containing immune complexes from SLE patients can 
therefore activate various immune cells, e.g. dendritic cells and macrophages, in a TLR- 
dependent way. Moreover, BCR and TLR signaling is concomitantly trigged on self-reactive 
B cells that recognize the Fc-region on an immune complex composed of IgG auto-antibodies 
bound to DNA or ssRNA [68,69]. Such anti-IgG auto-antibodies known as rheumatoid 
factors (RFs), that are found in SLE, RA and SS, may well catalyze the pathogenesis of these 
immune disorders [70]. On the other hand, TLR signaling can also contribute to B cell 
silencing. In particular, it has been shown that signaling from TLR7 and TLR9, recognizing 
ssRNA or CpG motif DNA respectively, have opposing inflammatory and regulatory effects 
on the development of autoimmune pathology [71]. 
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Identification of the Vpreb + LC + B Cell Subset 

Although it is has become evident that loss of self-tolerance is a key step in the initiation 
of autoimmune diseases [46, 72, 73], the origin of self-reactive B cells is still poorly 
understood. Therefore, the finding in human by Meffre et al. of the unique self-reactive 
VpreB + LC + -B cell subset that is associated with antibodies found in SLE and RA [74-76], is 
of great interest. 

The identified VpreB + LC + B cell population differs from conventional B cells in that they 
have surface co-expression of the conventional Ig LC and the non-rearranging surrogate light 
chain (SLC) component VpreB [75]. Expression of the SLC complex, which is composed of 
the X-lik e (k5 in mouse) and VpreB proteins, is normally restricted to the pro-B and pre-B cell 
stage. Upon productive Ig HC gene rearrangement, the SLC forms - together with an Ig pHC 
- the pre-BCR that is then expressed on the cell surface (Figure 1) [8-13]. Pre-BCR signaling 
induces proliferation and further cellular differentiation of the pre-B cell [13], including 
termination of SLC expression, thereby ensuring that SLC and conventional LC are expressed 
in a mutually exclusive manner [77, 78]. 

VpreB + LC + B cells are present in the circulation, where they make up 0.5-1% of B cell 
population, independent from the age of the healthy individual. In addition, the cells are also 
found in tonsils. Further characterization of the VpreB + LC + B cell subset revealed that they 
express, next to VpreB, also other genes whose expression is restricted to early B cell 
development, including recombination activating gene-1 (RAG1), RAG2, terminal 
deoxinucleotidyl transferase (TdT) and X5 at the mRNA level. The expression level of all 
these genes, including VpreB, is at least -5 fold lower compared to the expression found in 
pre-B cells, and for X5 even much lower [75]. The identified gene expression profile would 
indicate that VpreB + LC + B cells might reflect early immature B cells that have rapidly 
emigrated to the periphery and are still in the process of downregulating VpreB and the other 
pre-B cell associated genes. However, they cannot simply be regarded as an immature B cell 
population, because VpreB + LC + B cells are found among immature, mature and memory B 
cells and express many of the same markers as conventional B cells. 


Vpreb + LC + B Cells Have an Auto-Reactive IG Repertoire 

Interestingly, the Ig repertoire of VpreB + LC + B cells differs significantly from that found 
in conventional B cells [74-76]. Cloning and sequencing of the Ig HC VH1, VH3, VH4 and 
VH5 families from sorted VpreB + LC + B cells revealed that VH1, VH4 and VH5 gene 
segment usage was altered in VpreB + LC + B cells. The VH1, VH3 and VH5 genes, but not the 
VH4 genes, expressed in these cells had a longer CDR3 length with more aromatic amino 
residues. This was the result of increased usage of the long JH6 segment, more D-D fusions 
and long N-nucleotide insertions. Furthermore, the Ig repertoire of the VpreB + LC + B cells 
expressing VH1, VH3, and VH5 gene segments showed a biased D-segments usage, with an 
overrepresentation of reading frames (RF) encoding hydrophobic amino acids. Nevertheless, 
the VpreB + LC + B cells encoding VH4 BCRs had normal CDR3 length and composition. As it 
has been suggested that VH4 genes are prone to generate auto-reactive B cells, this might 
explain the normal VH4 usage by VpreB + LC + B cells. Overall these findings showed that 
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VH1, VH3, and VH5 BCRs on VpreB + LC + B cells are enriched for characteristics that are 
normally counterselected in conventional B cells. 

Also Ig k and X LC genes expressed by VpreB + LC + B cells had a longer CDR3 length. 
Analysis of the Ig k repertoire revealed increased usage of downstream Jk4- and Jk5- 
segments, whereas Ig k + conventional B cells mainly used JkI and Jk2. This skewed Jk- 
segment usage by VpreB + LC + B cells was accompanied with a biased usage of more 
upstream Vk gene segments. Upstream Vk segments and downstream Jk segments usage are 
both signs of receptor editing [22, 23]. In addition, Ig k + VpreB + LC + B cells displayed 
enrichment for the usage of Vk4 family member B3. This specific Vk4 family member is 
thought to encode a DNA-recognizing antibody that is overrepresented in SLE patients [67]. 

The presence of Ig LCs with evidence for receptor editing at the Ig k locus, a process that 
is frequently induced by autoreactive BCRs, links the VpreB + LC + B cells to autoimmunity. 
Moreover, the finding of an Ig repertoire in VpreB + LC + B cells with long CDR3 regions is 
intriguing. Normally, B cells encoding a BCR with long CDR3 regions are eliminated during 
B cell development, but long CDR3 regions are frequently found among auto-reactive and 
poly-reactive antibodies, including those present in joints of RA patients [79-81]. In this 
regard it is striking that VpreB + LC + B cells did not only comprise a small proportion of the 
circulating B cell population of healthy donors, but were also found to be enriched in 
synovium of RA patients [75]. Namely, in the synovium of 4 out of 12 RA patients analyzed, 
5-15% of the B cells present were VpreB + LC + B cells, which implied a -10-20-fold induction 
compared to percentages found in the circulation. A large fraction of these synovial 
VpreB + LC + B cells expressed CD 10 and CD38, which are markers found on GC B cells, 
indicating that these VpreB LC + B cells take part in GC reactions. Taken together, the 
localization and the BCR repertoire of the VpreB LC B cells link these cells to 
autoimmunity. 

Indeed, it turned out that the majority of the VpreB + LC + B cells had a self-reactive Ig. By 
cloning and expressing Ig HC and LC from single sorted VpreB + LC + B cells it was shown 
that -70% of VpreB + LC + B cells produced an Ig that was reactive to Hep2 cell lysate in 
ELISA assays, compared to -15% of conventional B cells. Moreover, up to 50% of the Igs 
expressed by VpreB + LC + B cells, versus less than 5% of those expressed by conventional B 
cells, were true ANAs that recognize a diverse pattern of cellular antigens. Further 
characterization of the antigen specificity revealed that a large fraction (-43%) of the Igs 
from VpreB + LC + B cells recognized at least ssDNA, dsDNA, IgM, insulin or LPS and even 
23% (less than 5% among conventional B cells) of these Igs were polyreactive, as they 
recognized more than two of these analyzed antigens. All polyreactive Igs from VpreB + LC + B 
cells used JH6, had long CDR3 regions with hydrophobic and aromatic residues that were 
encoded by abnormal D segment reading frame usage. 

Taken together, the majority of VpreB + LC + B cells present in human express self-reactive 
Igs, including true ANAs and polyreactive Igs. Normally, B cells expressing self-reactive Igs 
are eliminated during B cell development to maintain self-tolerance. Nevertheless, the 
majority of the VpreB + LC + B cells, present in immature, mature and memory B cell 
subpopulations in the periphery express self-reactive Igs. This suggests that co-expression of 
the SLC component VpreB, next to a conventional LC, rescues the self-reactive VpreB + LC + 
B cells from deletion. Furthermore, as anti-DNA and anti-Ig self-antibodies are associated 
with SLE and RA, respectively, this indicates that VpreB + LC + B cells can produce self- 
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reactive antibodies that are known to play a key role in the etiology of these autoimmune 
diseases (Figure 3). 
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Figure 3. Model for the contribution of VpreB+LC+ B cells to autoimmune pathology. Although most 
VpreB+LC+ B cells present in human express self-reactive BCRs, they are normally kept in check. The 
presence of VpreB protein rescues such self-reactive B cells from deletion, but also precludes their 
activation and differentiation into memory B cells or plasma cells (because of reduced BCR signals). 
Only under specific disease conditions, the VpreB+LC+ B cells may become activated, e.g. because of 
(1) enhanced BCR signaling, or (2) additional signals originating from TLR or helper T cells. The 
resulting activated autoreactive B cells contribute to autoimmune pathology by multiple mechanisms. 


Analyzing the Vpreb + LC + B Cells with SLC-Tg Mouse 

Model 

To elucidate the effect of prolonged expression of the SLC components during B cell 
development, we have recently generated a new SLC-transgenic (Tg) mouse model in which 
all B cells are SLC + [82]. To this end, we have individually cloned genomic constructs of X5 
and VpreB i (together forming the SLC) under the control of the human CD 19 promoter 
region, which targets expression of transgenes to all stages of B cell development. We 
obtained independent X5 and VpreB i Tg mouse lines expressing high and low levels of these 
SLC components. 

Normally, expression of the SLC components X5 and VpreB is restricted to pro-B and 
large pre-B cell stage. The SLC forms at this developmental stage with the newly arranged Ig 
pHC the pre-BCR, which induces a proliferative burst of the large pre-B cells and signals for 
cellular maturation. It has been assumed that the large pre-B cells lose their proliferative 
capacity due to the termination of pre-BCR signaling as a result of down regulation of the 
expression of the SLC components at the pre-B cell stage [12, 13]. Remarkably, we found 
that enforced SLC expression at the pre-B cell stage did not result in increased proliferation 
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of the large pre-B cells, did not affect the generation of small pre-B cells nor induced small 
pre-B cell to undergo proliferation [82]. 

However, presence of SLC proteins beyond the pre-B cell stage severely hampered B cell 
development. At the immature B cell stage the SLC components had the capacity - in the 
presence of conventional Ig LC - to induce constitutive BCR internalization. The 
internalization was dependent on the adapter protein SLP65 (SH2 domain-containing 
leukocyte-specific phosphoprotein of 65 kDa, or BASH/BLNK) that is downstream of the 
(pre-)BCR. Internalization of the BCR at the immature B cell stage resulted in secondary Ig 
LC rearrangements, reflected by increased fractions of Ig X + cells and a severe developmental 
arrest of immature B cells. 

The effects of SLC expression on mature B cells in the periphery were dose-dependent. 
Low-level expressing SLC-Tg mice did not exhibit reduced splenic B cell numbers but had 
significantly increased proportions of CD21 hl CD23 low MZ B cells. In contrast, high-level 
expressing SLC-Tg mice had severely reduced numbers of splenic B cells with increased 
fractions of surface CD5 + B-l B cells [82]. It has been shown that increasing BCR signaling 
strength directs developing B cells from the default follicular B cell fate into the MZ B cell 
and eventually into the B1 cell lineage [83-86].Therefore, the dose-dependent effect of SLC 
on MZ and CD5 B-l B cell development is consistent with the notion that SLC increases 
basal BCR signaling. MZ and CD5 + B-l B cell fractions, which typically produce 
polyreactive low affinity antibodies with recurrent specificities, are thought to be positively 
selected on the basis of their BCR [84, 85]. Therefore, the increased fraction of these B cells 
in the SLC-Tg mice might be indicative for an autoreactive BCR repertoire of the SLC + B 
cells. 

Analysis of B cell activation in the high-level SLC-Tg mice demonstrated that SLC + B 
cells resemble anergic B cells, as they displayed impaired BCR-induced phosphorylation and 
reduced in vitro responses to anti-IgM stimulation [82]. Nevertheless, in low- and high-level 
SLC-Tg mice, SLC + B cells were spontaneously driven into IgM + plasma cell differentiation 
[82]. A significant fraction of these plasma cells produced self-reactive antibodies, because 
we detected elevated levels of anti-nucleosome IgM in the serum of SLC-Tg mice. However, 
the mice did not develop overt spontaneous autoimmune pathology, which may be related to 
the fact that the SLC-Tg B cells did not undergo sufficient activation, Ig HC class switch 
recombination (CSR) or affinity maturation. The finding that the SLC + LC + B cells in the 
SLC-Tg mice did not contribute to autoimmune pathology is consistent with the situation in 
human, where the self-reactive VpreB + LC + -B cells are present in healthy individuals, but are 
kept in check by self-tolerance mechanisms. 


Dysregulated SLC Expression in Autoimmunity 

It has been assumed that in the small subset of SLC + LC-B cells in human the sustained 
expression of SLC components was simply a result of the expression of a BCR with particular 
antigen specificity. However, our SLC-Tg model unexpectedly demonstrated for the first time 
that dysregulated SLC expression can be one of the primary causes of defective BCR 
repertoire selection and the formation of auto-antibodies [82]. 
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This raises the question how dysregulated SLC expression affects BCR repertoire 
selection. Most likely the answer to this question may lie in the dual expression of the BCR 
along with the pre-BCR. During normal B cell development the initially produced 
autoreactive B cells are silenced by the mechanisms discussed above, namely induction of 
apoptosis, anergy, or by receptor editing of the BCR with possible outcome the expression of 
a dual BCR (Figure 2). Possible, dysregulated SLC expression affects BCR repertoire 
selection by the induction of anergy. Indeed we have found in the SLC-Tg mice that 
SLC + LC + B cells resemble anergic B cells [82]. The pre-BCR signals in a cell-autonomous 
and constitutive fashion [87] and it has been demonstrated that constitutive pre-BCR 
signaling reduces Ig-alpha phosphorylation and Ca influx [77]. Therefore, it is likely that 
constitutive signaling from the pre-BCR might induce the anergic status of the VpreB + LC + B 
cells. Alternatively, also the autoreactive nature of the BCR might induce the anergic status of 
the VpreB + LC + B cells [34]. 

A possible second mechanism by which dysregulated SLC expression interferes with 
BCR repertoire selection might be that dual expression of pre-BCR and BCR mimics the Ig L 
chain allelic/isotype inclusion situation where an innocuous Ig LC silences an autoreactive Ig 
LC (27, 88). In this case, in VpreB + LC + B cells the SLC component might substitute for an 
innocuous Ig LC and competes with the potential autoreactive Ig LC, thereby reducing 
surface expression of this autoreactive Ig LC, resulting in silencing of the autoreactive 
VpreB + LC + B cells. 

It has been reported that B cells silenced by either induction or by dual BCR expression 
still have the capacity to eventually secrete auto-reactive antibodies [27], [28] ,[29]. In the 
situation of anergy, it has been demonstrated that B cells carrying a transgenic anti-DNA 
BCR on a BALB/c background do not give rise to auto-antibodies, indicating that when self¬ 
tolerance is maintained these B cells are anergic. However, the anergic phenotype is lost 
when the transgenic anti-DNA BCR is crossed on the autoimmune prone MRL/lpr 
background, as these mice had high titers of transgenic anti-DNA antibodies, already at the 
age of 10 weeks [35, 89, 90]. Moreover, it has been shown that the anergic status of B cell is 
reversible. In particular, when anergic B cells were transferred into mice lacking their specific 
auto-antigen, the initial anergic B cells lost their anergic characteristics and proceeded normal 
B cell development [30]. Also the inclusion of an auto-reactive BCR by predominant 
expression of an innocuous BCR can eventually give rise to production of the auto-antibody, 
as has been shown by Lui et al., using the 3-83-Tg model [28]. This model expresses the 
prearranged 3-83 BCR that recognizes MHC class I H-2K k,b [91]. Mice carrying this 3-83 Tg 
on the autoreactive MHC class I H-2K k,b background expressed - due to receptor editing of 
the 3-83 BCR - only non-autoreactive BCRs without 3-83 specificity in the periphery. 
Nevertheless, when these mice were aged, 3-83 specific IgM antibodies were found in the 
serum [28]. This indicates that - although B cells have undergone receptor editing of the 3-83 
BCR - at least a significant fraction of these B cells expressed (next to the innocuous BCR) 
also intracellularly the autoreactive 3-83 BCR. Taken together, this demonstrates that B cells 
expressing dual BCRs still have the capacity to produce potential harmful antibodies. 

It was shown by Bankovich et al. that the SLC heterodimer binds to the Ig HC CDR3 in 
such a way that the antigen binding site of the Ig HC is covered by the C-terminal unique 
region of VpreB [92]. This would imply that the pre-BCR complex cannot recognize an 
antigen. Indeed, the same authors show that an Ig HC from an antibody specific for 
ovalbumin (OVA) did not bind to OVA-protein when expressed together SLC as a pre-BCR 
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complex [92]. In contrast, a another group showed that a so-called surrobody, which is a pre- 
BCR-like complex composed a specific Ig HC and a fusion protein of the SLC complex (X5 
and VpreB expressed as one protein), binds with high affinity to the antigen the Ig HC was 
directed against [93]. The usage of truncated SLC proteins in the former study and fusion 
proteins of truncated SLC components in the latter precludes a direct comparison of the 
results obtained. Nevertheless, the possibility that VpreB binds to the antigen binding domain 
of the Ig HC would imply that in VpreB + LC + B cells the binding of VpreB to the Ig HC can 
mask the autoreactivity of the Ig HC and thus may interfere with the elimination of 
autoreactive B cells. Yet, it remains to be elucidated whether the binding of a SLC component 
can physically mask the true autoreactive potential of an Ig HC. 

The silencing of the VpreB + LC + B cells might be exclusively dependent on the VpreB 
protein or on the complete SLC complex. It has been shown that in the absence of X5, the 
VpreB protein is able to pair in vitro to a number of Ig HCs [94, 95]. Nevertheless, the 
VpreB + LC + B cells express, next to VpreB, low levels of X5 mRNA, suggesting the 
possibility that they may co-express X5 protein [75]. So, it is unclear whether silencing of 
VpreB + LC + B cells is only dependent on surface expression of VpreB, or whether low 
amounts of X5 protein support VpreB surface expression. 


Studying the Role of SLC + LC + B Cells in Autoimmunity 

Various data from the VpreB + LC + B cells in human, together with our findings in the 
SLC-Tg mouse model point to a role of dysregulated SLC expression in the development of 
auto-reactive B cells. The presence of significantly increased proportions of VpreB + LC + B 
cells in the synovium of a fraction of RA patients suggests that the VpreB + LC + B cells are 
involved in RA. However, because VpreB + LC + B cells are also present in healthy individuals 
and the SLC-Tg mice did not spontaneously develop autoimmune pathology, under normal 
conditions these autoreactive B cells are apparently kept in check by self-tolerance 
mechanisms. We therefore hypothesized that VpreB + LC + B cells might break through self¬ 
tolerance in an autoimmune prone condition to contribute to autoimmune pathology. To test 
this hypothesis we crossed the SLC-Tg models, expressing low or high levels of the SLC 
components, on two autoimmune prone genetic backgrounds, Ep-Bcl2-Tg and Fc y Receptor 
lib-deficient (FcyRIIb"") mice. 

The Ep-Bcl2-Tg mice [96] have B cell-specific overexpression of the anti-apoptotic 
protein Bcl2, which interferes with the formation of a self-tolerant BCR repertoire. Bcl2 
overexpression allows autoreactive B cells, which are normally negatively selected, to escape 
self-tolerance mechanisms, resulting in an increasing pool of autoreactive B cells. We 
analyzed the effect the >«5 hlgh -Tg, VpreB hlgh -Tg and ^5 hlgh -VpreB hlgh double-Tg and found that 
10-week-old SLC h,gh -Tg;E|i-Bcl2-Tg mice have an increased splenic pool of potential 
harmful activated SLC + LC + B cells and Ig isotype-switched plasma cells, which may enhance 
autoimmunity (P.F. van Loo, unpublished results). Preliminary analyses suggest increased 
levels of autoreactive antibodies in the serum. The phenotype was also present - even more 
pronounced - in the VpreB hlgh -Tg;Ep-Bcl2-Tg group (P.F. van Loo, unpublished results). 

FcyRIIb-deficiency results in loss of self-tolerance, causing spontaneous development of 
systemic vasculitis, at the age of 4-5 months [47, 97-99]. The SLC-Tg mice on the FcyRIIb- 
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deficient background demonstrated a phenotype that was quite similar to SLC-Tg;Ep-Bcl2- 
Tg mice. SLC high -Tg;FcyRIIb' A mice displayed enhanced spontaneous GC formation, which 
was most pronounced in the VpreB hlgh single Tg group. Analysis of 10-week old SLC low - 
Tg;FcyRIIb" ' mice revealed that exclusively the VpreB low single Tg;FcyRIIb" " mice had a ~5- 
10 fold increase in the number of IgG2a/2b + plasma cells. Interestingly, IgG2a/2b are the 
most pathogenic subclasses and activate both FcyRIII and IV [100]. Finally, we found that the 
onset of collagen induced arthritis [101] appeared to be accelerated in VpreB hlgh -Tg;FcyRIIb" " 
mice, when compared with the FcyRIIb -7 ' group (P.F. Van Loo, unpublished results). 

Taken together, analyses in SLC-Tg mice demonstrate that SLC + LC + B cells can 
contribute to the etiology of autoimmune disease, as dysregulated expression of SLC 
components, in particular VpreB, can drive B cells in the direction of autoimmunity. As the 
identified SLC-expressing B cells in human express predominantly VpreB protein - and much 
lower levels of X5 protein - , our data in the mouse support the hypothesis that persistent 
VpreB expression in human results in the formation of autoreactive VpreB + LC + B cells. 


Conclusion 

To maintain self-tolerance, B cells expressing self-reactive Igs are eliminated by various 
central and peripheral mechanisms, like deletion, receptor editing and anergy. Nevertheless, 
the majority of VpreB LC + B cells present in human express self-reactive Igs, including true 
ANAs and polyreactive Igs, suggesting that expression of VpreB proteins parallels dual 
receptor expression in the mouse (Figure 2; Ref. [27]) and rescues self-reactive VpreB + LC + B 
cells from deletion. Our preliminary characterization of the phenotype of VpreB transgenic 
mice on the autoimmune prone FcyRIIb" " background, including (i) enhanced GC 
development, (ii) increased Ig class switched plasma cells, (iii) accelerated disease 
progression in collagen induced arthritis, indicates that VpreB + LC + B cells contribute to 
autoimmune pathology. At the moment, it is unclear whether activation of VpreB + LC + B cells 
and their subsequent differentiation into antibody producing cells precedes or establishes the 
onset of autoimmunity, or whether it simply reflects the breakdown of B cell tolerance once 
the autoimmune disease has developed. Understanding the details of autoreactive B cell 
regulation may improve the management of autoimmune disease. As B-cell ablative therapy 
with anti-CD20 antibody, which efficiently depletes naive and memory B cells (but not long- 
lived plasma cells) is effective in patients with SLE and RA, it is attractive to develop 
strategies to specifically target VpreB + LC + B cells. 
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1. Introduction 

The most widely used organisms are fungi, and several enzymes and organic acids are 
synthesized by species of Aspergillus. Over than the past 1,000 years the use of hydrolytic 
enzymes from fungi has become more prevalent in Japanese fermentation industries. The 
molds Aspergillus oryzae (Figure 1), A. sojae , A. awamori , and A. saitoi are of great practical 
importance in the fermentation industries, enzyme technologies, food industries, and 
civilization in Japan [1, 2]. In the eastern world rice is used instead of malt or mashed grapes 
for fermentation. Here a mold, usually A. oryzae , initiates the fermentation process by 
hydrolyzing rice starch to fermentable sugars. Later on the sugar is converted to change by 
spontaneous fermentation by either yeast or bacteria leading to products such as 'Sake’, 
Japanese rice wine [3]. Other examples of the traditional use of fungi in food production are 
in the making of soy sauce and miso paste. In the fermented vegetable protein, soy sauce, the 
cooked soybeans are mixed with equal amounts of roasted wheat and then inoculated with a 
pure cultured 'Koji’ starter or 'seed mold’ [4]. 

Another important field for the early industrial application of fungi was the production of 
enzymes, and enzymes are now being used in a wide variety of processes. The invention and 
production of 'Takadiastase’ for A. oryzae by Takamine J. in 1894 became an enzyme 
industry from the late nineteen century [5]. After Takadiastase was discovered it was 
produced in appreciable amounts during the Second World War, initially with A. oryzae , A. 
sojae , A. awamori , and A. niger. Aspergillus saitoi , which is a food microorganism, a black 
Aspergillus used in 'Shochu’, a traditional Japanese spirit, was described taxonomically by 
Sakaguchi et al. [6]. An acid stable proteolytic enzyme 'Molsin’ from A. saitoi produced on 
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an industrial scale by us used in the preparation of a human digestant (Fujisawa 
Pharmaceutical Co., Osaka) [7, 8]. 

The genome of Aspergillus oryzae has been sequenced in 2005 [9]. The ability to secrete 
large amounts of proteins and the development of a transformation system have facilitated the 
use of A. oryzae in modem biotechnology. In 2006, the Brewing Society of Japan gave its 
seal of approval to the decision: 'Aspergillus oryzae and related food Aspergilli are the 
national microorganisms of Japan’. 

In this review, catalytic and molecular properties of unique and characteristic enzymes 
obtained from Aspergillus fungi used in Japanese bioindustries are described. 



(Reproduced with kind permission of Dr. Kazuya Hayashi, Kikkoman Coop.) 


Figure 1. Electronmicroscopic photograph of conidia, phialides, and conidiophore of the filamentous 
fungus Aspergillus oryzae. 
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2 The Third Active Site Residue of Aspartic Proteinase 
from Aspergillus is Essential for Trypsinogen Activation 

at Ph 3-4.5 


2.1. Aspartic Proteinase 

The aspartic proteinases (EC 3.4.23.-) from mammalian and fungi are all characterized 
by a molecular mass of 35,000, and pH optima for catalytic action in the range of 1.5-5.0. 
They include the mammalian enzymes, pepsin (EC 3.4.23.1), cathepsin D (EC 3.4.23.5), 
renin (EC 3.4.23.15), and chymosin (EC 3.4.23.4), and a number of fungal enzymes such as 
those from Aspergillus saitoi , A. oryzae and A. sojae (EC 3.4.23.18), Penicillium 
janthienllum (EC 3.4.23.20), Rhizopus chinensis (EC 3.4.23.21), and Rhizomucor (formerly 
Mucor)pusillus (EC 3.4.23.23), Endothiaparasitica (EC 3.4.23.22), and a viral enzyme from 
a human immunodeficiency virus (HIV-I) (retropepsin, EC 3.4.23.16). They share the 
property of being inhibited by epoxy-compound, l,2-epoxy-3-(p-nitrophenoxy)-propanne 
(EPNP), and by a diazonium compound, diazoacetyl-DL-norleucine-methylester (DAN), in 
the presence of Cu 2+ ions. 

Aspartic proteinases comprise a group of enzymes whose proteolytic activities are 
dependent on two aspartic acid residues, Asp32 and Asp215, in pepsin numbering ([10]. 
There is good evidence that most of them belong to a family of enzymes similar in sequence 
and structure. These enzymes are bilobal, each lobe having a similar fold, with a deep and 
extended cleft that can accommodate at least seven amino acid residues of substrate in the S 4 - 
S 3 ’ subsites [11]. The abbreviations used are: Si, S 2 , S 3 , etc. and Sf, S 2 \ S 3 ’, etc., 
corresponding subsites of the proteinase [12]; Pi, P 2 , P 3 , etc. and Pf, P 2 ’, P 3 ’, etc., amino acid 
residues of substrate on the amino-terminal and carboxyl sides of the scissile peptide bond, 
respectively. Each domain contributes one aspartyl residue, corresponding to Asp32 and 
Asp215 of pepsin, to the catalytic center of the extended binding site [13]. 

The 'flap’, an antipararell p-hairpin comprising residues 73 to 83 [penicillopepsin [14] 
numbering], projects across the cleft forming a channel into which a substrate binds. 
Although the enzymes are quite similar in their three-dimensional structures, there are drastic 
differences in the catalytic properties, especially in substrate specificities. While, these 
enzymes show distinct preferences for cleaving the bonds between hydrophobic residues 
occupying the Pi-Pf subsites. For example, renin [15] is characterized by very specific 
hydrolysis of angiotensin at Leu 10-Leu 11 and chymosin [16] digests /c-casein at Phel05- 
Metl06 for milk clotting. 

Thus, the differences in substrate specificity may be the result of alteration in the 
structure of substrate binding sites. 


2.2. Aspergillopepsin I 

An aspartic proteinase from A. saitoi ATCC 14332 (now designated A phoenicis [17]), 
aspergillopepsin I (formerly aspergillopeptidase A), is a monomeric protein with a molecular 
mass of 34,302 Da [7, 8]. Aspergillopepsin I primarily hydrolyzes two bonds in the oxidized 
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B chain of insulin: Leul5-Tyrl6 and Phe24-Phe25 [18]. Minor cleavages are noted at HislO- 
Leull, Alal4-Leul5 and Tyrl6-Leul7. 

Aspergillopepsin I favours hydrophobic residues at Pi and Pi’ [18, 19] but also accepts a 
Lys residue in the Pi position, which leads to activation of trypsinogen by cleavage of the 
Lys6-Ile7 bond [20, 21]. Furthermore, penicillopepsin also has preference for a Lys residue in 
the Pi position, which leads to activation of trypsinogen by cleavage of the Lys6-Ile7 bond 
[22]. The Si subsite is formed by several hydrophobic residues in the neighborhood of the 
catalytic Asp-32 and by the residues on the active site flap. 

For trypsinogen activation, enteropeptidase (enterokinase, EC 3.4.21.9) [23] is a key 
enzyme for mammalian protein digestion. The selective cleavage site of trypsinogen by 
enteropeptidase initiates Lys6-Ile7 bond. Then trypsin (EC 3.4.21.4) activates other 
zymogens. Thus, the formation of trypsin by enteropeptidase is the master activation step. 

Aspartic proteinases generally have broad primary specificity, but the fungal and 
mammalian enzymes can differ dramatically from each other in catalytic efficiency against 
substrates containing a Lys residue at Pi position [24]. Based on the sequence alignment and 
structure of aspartic proteinases, the major differences in the Si subsite between the fungal 
and mammalian enzymes can be located at position [76 77] where the number in square 
brankets denotes penicillopepsin numbering] and 78 [79] on the active site flap (Table 1). 
These residues may be involved in the recognition of basic amino acid residues at the Pi 
potition of substrates. 

Aspergillopepsin I and the fungal aspartic proteinases, penicilllopepsin, rhizopuspepsin, 
and endothiapepsin, display significant similarities in their amino acid sequences. Although 
no three-dimentional structure of aspergillopepsin I is available, the substrate binding sites 
may be identical by analogy with those aspartic proteinases, penicillopepsin [14, 25, 26], 
endothiapepsin [27], and rhizopuspepsin [28]. 

Table 1. Comparison of the amino acid sequence of the active-site flap in the aspartic 

proteinase family 


Aspartic proteinase 

83 

Residue number 

Class I 

Aspergillopepsin I 

WDIS Y GDGSS ASGD 

Penicillopepsin 

WSISYGDGSSASGN 

Rhizopuspepsin 

W SIS Y GDGSSASGI 

Endothiapepsin 

WSISYGDGSSSSGD 

Candidapepsin 

FYIGYGDGSSSQGT 

Class II 

Mucorpepsin 

LNITY GTG-GANGI 

Porcine pepsin 

LSITY GTG-SMTGI 

Human cathepsin D 

FDIHY GSG-SLSGY 


(Shintani,T. et al., J. Biochem. (Tokyo), 120, 974-981 (1996)). 


The amino acid sequences of aspergillopepsin I, penicillopepsin, rhizopuspepsin, 
endothiapepsin, candidapepsin, mucorpepsin, porcine pepsin, and human cathepsin D are 
aligned. These enzymes are classified into two groups (class I and II). Class I enzymes have 
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the ability to activate trypsinogen and class II enzymes have no activity for trypsinogen 
activation. The mutated positions are indicated in boldface characters. 


2.3. D76S-Aspergillopepsin I Abolished Trypsinogen Activation 

We isolated and characterized its genomic DNA (D25318) and cDNA of aspergillopepsin 
I gene ( apnS) and expressed it in yeast S. cerevisiae cells [29]. By altering a single substituted 
amino acid in aspergillopepsin I by site-directed mutagenesis to the corresponding residue in 
pepsin, renin, or chymosin, we obtained a mutant enzyme denoted D76S-aspergillopepsin I 
[29] in Figure 2. These mammalian aspartyl proteinases have no capacity of trypsinogen 
activation and have threonine residue instead of Asp76 in aspergillopepsin I. Expression 
products of mutant D76S-aspergillopepsin I and wild-type enzyme were observed by SDS- 
PAGE and Western blotting. These results strongly suggest that active D76S-aspergillopepsin 
I was secreted from the yeast cells harboring a plasmid designated to express prepro-D76S- 
aspergillopepsin I in the cells. The cultured filtrates of recombinant wild-type and mutant 
enzymes were isolated and were salted out with 60% (NH 4 ) 2 S04. Then, the precipitates were 
dialyzed against 10 mM acetate buffer (pH 5.0). The activities of the two recombinant 
enzymes for casein hydrolysis [7] were 0.35 and 0.37 nkatal/ml, respectively. After activation 
of trypsinogen at pH 3.0, the fluorogenic activity of activated trypsin was measured at pH 8.0 
with benzoyl-L-arginyl-4-methylcoumaryl-7-amide (Bz-Arg-MCA). Trypsinogen activating 
activity of the wild-type enzyme was determined to be (1.08 ± 0.03) • 10" nkatal/ml, while 
none was found for the mutant enzyme. 



Figure 2. Activities of trypsinogen activation of the mutated D76S-aspergillopepsinI and 
aspergillopepsin I. 

To explore the contribution of an unpaired charged residue to substrate binding and 
catalysis in the binding pocket of D76S-aspergillopepsin I, we were interested in how 
interaction of the s-amino group of lysyl substrate, trypsinogen, affects the catalytic 
efficiency. As shown in Figure 2, the activity of D76S-aspergillopepsin I on trypsinogen was 
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completely abolished. Hydrolysis of casein sustrate by the D76S-aspergillopepsin I mutant is 
not altered within this pH range. 

This suggests that the activity is quantitatively influenced by the electrostatic interaction 
between s-amino group in the basic substrate of trypsinogen and acidic Asp76 in 
aspergillopepsin I. 

Thus, we concluded that Asp76 is the binding site for the basic substrate, trypsinogen, 
and that a single amino acid mutation (Asp76 —> Ser76) is sufficient to alter the substrate 
specificity of the enzyme for trypsinogen activation [29]. 


2.4. Characterization of the Si Subsite Specificity 

In order to obtain further information about the primary specificity of aspergillopepsin I, 
we constructed an aspergillopepsin I expression system in Escherichia coli , prepared mutants 
at positions 76 and 78 of aspergillopepsin I by site-directed mutagenesis, and compared their 
molecular and enzymatic properties [30]. We showed that the nature of the active site flap is 
important for deciding the Si substrate specificity of aspartic proteinases [30]. 

For overexpression, the ATG codon was added in front of the putative pro-sequence of 
aspergillopepsin I cDNA by the PCR technique. The cDNA fragment was cloned into 
pET12a, and the resulting plasmid, pETAP was introduced into E. coli BL21 (DE3) cells. The 
cells harboring pETAP produced pro-aspergillopepsin I under the control of T7 promoter, and 
the enzyme was not active and was mostly insoluble. We therefore developed a procedure for 
the renaturation of recombinant pro-aspergillopepsin I into the correctly refolded zymogen, as 
described in “EXPERIMENTAL PROCEDURES” of the ref. [30]. The inclusion bodies were 
solubilized with 8 M urea, and dialyzed under alkaline pH. The active proenzyme was 
purified to homogeneity by two chromatography steps on a Toyopearl HW-55F column and a 
RESOURCE Q column. The purity of protein was judged by SDS-PAGE (Figure 3, lane 1). 
The yields of purified pro-aspergillopepsin I from inclusion bodies were routinely 10-20%. 
The amino acid sequence of the NH 2 -terminal region was determined as Met-Ala-Pro-Ala- 
Pro-Thr-Arg-Lys-Gly-, identical to the expected from the construction. Pro-aspergillopepsin I 
was converted to the mature form within 5 min by incubating at pH 2.7, 0°C (Figure 3, lane 
3). The conversion was inhibitd by pepstatin, an aspartic proteinase inhibitor (Figure 3, lane 
2). These results indicate that aspergillopepsin I was generated from pro-aspergillopepsin I by 
autoactivation. 

Purified aspergillopepsin I was prepared from the crude pro-aspergillopepsin I 
preparation by acidification and subsequent chromatography on a RESOURCE Q column, 
and gave a single band on SDS-PAGE (Figure 3, lane 4). The NH 2 -terminal sequence of 
recombinant aspergillopepsin I was found to be Glu-Ala-Ala-Ser-Lys-Gly-Ser-Ala-, which 
was three amino acid residues longer than that of native aspergillopepsin I from Aspergillus 
saitoi (Ser-Lys-Gly-Ser-Ala-). These results suggested that autocatalytic cleavage of the 
propeptide (Lys-Glu) may be occurring in front of glutamic acid and the product is terminated 
by aminopeptidase(s) in the fungal culture or that the activation of the zymogen in vitro may 
be basically different from that in vivo. In spite of the difference of NH 2 -terminal sequences 
of the authentic and recombinant aspergillopepsin Is, these two enzymes were almost equal in 
specific activity for hydrolysis of casein (0.138 and 0.139 katal/kg, respectively) and kinetic 
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parameters for hydrolysis of a peptide substrate, Pro-Thr-Glu-Phe-Phe(4-N02)-Arg-Leu, at 
pH 3.0 ( K m = 0.01 mM and k cat = 15.5 s" 1 for both enzymes). 


1 2 3 4 5 



Figure 3. Conversion of proaspergilopepsin I to mature aspergillopepsin I. 

The mutant aspergillopepsin Is were purified by the same method as the wild-type 
aspergillopepsin I. The purities of the enzymes were judged by SDS-PSGE. The mobilities of 
mutant aspergillopepsin Is were the same as that of the wild-type enzyme from E. coli. 
Furthermore, the effects of the maturation on the secondary structures of the enzymes were 
investigated by CD. The CD spectra (from 190 to 260 nm) of the enzymes were essentially 
identical, and contents of a-helix and P-structure of the wild-type and mutant enzymes were 
very similar. These results indicated that there was no significant conformational difference 
between the wild-type and mutant aspergillopepsin Is. 

Table 2 shows a comparison of the specific activities of wild-type and mutant 
aspergillopepsin Is for the hydrolyses of casein, hemoglobin and the activation of bovine 
trypsinogen by cleaving the Lys6-Ile7 bond. The activity of trypsinogen activation fell below 
the detectable level in the D76S-mutant without any change in the proteinase activities for 
casein and hemoglobin. However, in the D76N-mutant both hydrolytic and trypsinogen 
activating activities were approximately half those of wild-type. In the D76E and S78A 
mutants there are significant decreases in the activity of trypsinogen activation, with very 
little effect on the proteinase activities for casein and hemoglobin. The catalytic activities of 
D76T and AS78 (deletion mutant) were generally decreased, but there were larger reductions 
in trypsinogen activating activity, as with D76S- and S78A-aspergillopepsin Is. These results 
strongly suggest that Asp76 [Asp77 in penicillopepsin numbering] and Ser78 of 
aspergillopepsin I play an important role in the recognition of the basic amino acid residue at 
the Pi position. 

The wild-type (19) and D76N-aspergillopepsin Is cleaved the Tyr4-Ile5 and His6-Pro7 
bonds of angiotensin I (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu), while only the Tyr4-Ile5 
bond was hydrolyzed by D76E, D76S, D76T, S78A, and AS78 aspergillopepsin Is. Thus, the 
mutations of Asp76 and Ser78 caused changes in the substrate specificities of 
aspergillopepsin I, decreasing the affinity for basic residues at the Pi position, and making the 
specificity more restrictive so that only hydrophobic residues are acceptable at the Pi and Pf 
position, as in mammalian aspartic proteinases. 

To probe the effects of the mutations on specificity at the Pi position, we used peptide 
substrates, Pro-Thr-Glu-Phe-Phe(4-N02)-Arg-Leu (PTEFF(4-N02)RL, 'peptide A’), Pro-Thr- 
Glu-Lys-Phe(4-N02)-Arg-Leu (PTEKF(4-N02)RL, 'peptide B’), and Ac-Ala-Ala-Lys-Phe(4- 
N0 2 )-Ala-Ala-amide (Ac-AAKF(4-N0 2 )AA-NH 2 , 'peptide C’). Peptide A was cleaved Phe- 
Phe(4-N02) bond, which represents pepsin-like activity, and peptide B and peptide C were 
cleaved at the Lys-Phe(4-N02) bond, which is equivalent to trypsinogen activation. No other 
bond in these peptides was hydrolyzed by any of the enzymes. From kinetic determination of 
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the k c JK m (catalytic efficiency) one can obtain the second-order rate constant for convertion 
of substrate to product. 


Table 2. Specific activities of wild-type and mutant aspergillopepsin Is for the 
hydrolyses of casein and hemoglobin and the activation of bovine trypinogen 


Mutant 

aspergillopepsin I 

Specific activity 


Casein 

(katal/kg) 

Hemoglobin 

(katal/kg) 

Trypsinogen 

activation 

(katal/kg) 

Wild type 

0.139(100) 

0.75 (100) 

5.1 (100) 

D76N 

0.060 (43) 

0.38(51) 

2.3(45) 

D76E 

0.041 (29) 

0.45 (60) 

0.02 (0.4) 

D76S 

0.103(74) 

0.40 (53) 

N.D. 

D76T 

0.023 ( 17) 

0.12 ( 16) 

N.D. 

S78A 

0.142(102) 

0.53 (71) 

0.37 (7) 

AS78 

0.010 ( 7) 

0.077( 10) 

N.D. 


(Shintani,T. et al., J. Biochem. (Tokyo), 120, 974-981 (1996)) 


Proteolytic activities were assayed in 50 mM sodium acetate, pH 2.7, 1% casein or 
hemoglobin at 30°C. The activation of bovine trypsinogen was done with 5 mM trypsinogen 
in 50 mM sodium citrate, pH 3.0 at 30°C. Parentheses indicate the percentages of the 
activities of wild-type aspergillopepsin I. 

Combining the effects due to substrate binding and transition state stabilization, this 
parameter is useful for assessing altered substrate specificity. Differences in log(£ ca t/^m) 
provide an accurate measure of the lowering of the transition state activation energy (AG f 6 ). 
The k cat9 K m , and k c JK m values were determined from the initial rate measurements and the 
results are listed in Table 3 and graphically represented in Figure 4. 

The effects of individual mutations on the activity of aspergillopepsin I towards the 
substrate that contain Phe at Pi were considerably less dramatic. The mutations at Asp76 and 
Ser78 led to a 2- to 30-fold lowering of k c JK m compared to the wild-type aspergillopepsin I 
for this substrate. The decrease in k c JK m was largely due to the effect of the mutation on K m . 
There was a significant effect of the mutations on activity towards the substrate containing 
Lys at Pi. For peptide B, the D76E, D76S, D76T, and AS78 mutations caused 130-, 430-, 
2,600-, and 650-fold decreases in k c JK m value compared to the wild-type aspergillopepsin I, 
respectively, whereas the D76N mutant effectively hydrolyzed this substrate. Peptide B has 
the same sequence except for the substitution of Pi Phe to Lys. The effect of each mutation on 
K m was similar to that in the case of peptide A, indicating that the changes of K m value caused 
by the mutation may be independent of the interaction with the Pi side chain. The decreases 
in catalytic efficiencies mainly reflect decreases in k cat for the Lys side chain of the substrate. 
The effects of each mutation on activity towards peptide C were similar to those in the case of 
peptide B, although there was no detectable cleavage with D76S and D76T mutant 
aspergillopepsin Is. 
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We have mutated the Asp76 [77, penicillopepsin numbering] and Ser78 [79] residues of 
aspergillopepsin I to test their roles in determining the primary specificity. These residues are 
conserved only in the enzymes with the ability to activate trypsinogen, such as 
penicillopepsin and rhizopuspepsin. 

Table 3. Kinetic parameters for wild-type and mutant aspergillopepsin Is 
towards the peptide substrates containing phenylalanine or lysine residue at 

the Pi position 

Mutant aspergillopepsin I 

K m (mM) k cat (s ) k CSL 

t /K m (mM -1 • s" 1 ) 

PTEF f F (4-N0 2 )RL 




Wild type 

0.007 

15.7 

2,240 

D76N 

0.010 

8.3 

830 

D76E 

0.057 

10.9 

191 

D76S 

0.061 

10.8 

177 

D76T 

0.073 

5.9 

81 

S78A 

0.017 

20.3 

1,190 

AS78 

0.107 

10.8 

101 

PTEKfF(4-N0 2 )RL 




Wild type 

0.009 

4.5 

500 

D76N 

0.027 

3.2 

119 

D76E 

0.050 

0.20 

4 

D76S 

0.034 

0.040 

1.2 

D76T 

0.065 

0.014 

0.2 

S78A 

0.017 

0.61 

36 

AS78 

0.046 

0.036 

0.8 

Ac-A AK j F (4-N 0 2 ) A A-NH 2 




Wild type 

0.092 

6.8 

74 

D76N 

0.103 

3.5 

34 

D76E 

0.171 

0.039 

0.2 

D76S 

ND 



D76T 

ND 



S78A 

0.130 

0.93 

7 

AS78 

0.094 

0.001 

0.01 


Arrows (f) indicate the scissible bonds. 

ND, not ditected. 

(Shintani,T. et al., J. Biochem. (Tokyo), 120, 974-981 (1996)). 


Reactions were carried out in 0.1 M sodium acetate, pH 4.5 at 30°C. The kinetic 
parameters were determined from plots of initial rates versus substrate concentration (0.002- 
0.300 mM for all substrates). 

The three-dimensional enzyme-inhibitor complex structutres have been analyzed for 
penicillopepsin and rhizopuspepsin. According to these analyses, the side-chain carboxylate 
and amide nitrogen of Asp77 are hydrogen bonded to P 2 amide nitrogen and carbonyl of the 
inhibitor, respectively, and there is a hydrogen bond between the P 2 carbonyl oxygen and 
amide nitrogen of Gly76 (Figure 5A). When a hydrophobic amino acid occupies the Pi 
position of a ligand, the hydrophobic side chain is accommodated in the hydrophobic Si 
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poket, which consists of Asp31, Tyr75, Phell2, and Leul21 [26, 28]. Three-dimentional 
structure of the penicillopepsin/Iva-Val-Val-LySta-OEt (Iva: isovaleryl; LySta: 4S,3S-4,8- 
diamino-3-hydroxyloctanoic acid) complex revealed that the s-amino group of the LySta side 
chain forms a tight ion pair with the carboxylate of Asp77 and hydrogen bonds with the 
carboxylate of Asp77 and hydroxyl group of Ser79 (Figure 5A). 



WT D76N D76E D76S D76T S78A AS78 
API mutants 


Figure 4. Catalytic efficiencies (kcat/Km) for mutant aspergillopepsin I against peptide substrates 
having Phe or Lys at the PI positions. 



Figure 5. Representations of Si subsites of penicillopepsin (A) and porcine pepsin (B) with inhibitors. 

We therefore altered Asp76 of aspergillopepsin I to Asn in order to replace the carboxyl 
group with an uncharged side chain very similar in size to that of Asp, and to Glu so that the 
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carboxyl group would retained but the effective distance to the side chian of the Pi residue of 
a substrate would change. The substitution of Ser78 to Ala was made to examine the effect of 
hydrogen bonding on Pi Lys specificity by the removal of the hydroxyl group of the Ser side 
chain. 

The D76S and D76T substituted and Ser78 deleted (AS78) aspergillopepsin Is 
corresponding to mammalian aspartic proteinases were also constructed. The deletion of 
Ser78 (AS78) in aspergillopepsin I, corresponding to mammalian aspartic proteinases such as 
pepsin (Figure 5B), renin, and cathepsin D, would give rise to a shorter and warped flap, 
which may change the direction of the Asp76 side chain to bind to the main chain of the 
substrate and/or cause steric hindrance between the resulting flap and the s-amino group of Pi 
Lys. Thus, in the recognition of Pi Lys of substrate, Asp76 [Asp77 in penicillopepsin 
numbering] and Ser78 of aspergillopepsin I appear to contribute complex by forming a 
hydrogen bond network between Pi Lys and the side chain of Asp76 and Ser78, which may 
be supported by the unique flap structure of aspergillopepsin I. 

Furthermore, Asp77 is shown to be the binding site to Pi Lys in a substrate by 
crystallographic study of penicillopepsin [25, 26] and site-directed mutagenesis studies of 
rhizopuspepsin (31). Using the S . cerevisiae expression system, Tyr77 on the flap of 
mucorpepsin (32) has been shown to enhance catalytic efficiency of this fungal aspartic 
proteinase. 

A comparison of the Michaelis-Menten kinetic parameters for the hydrolysis of peptide A 
and B by the site directed mutants of aspergillopepsin Is that Asp76 and Ser78 play important 
roles in aspergillopepsin I activity when substrates contain Lys at the Pi position. The 
inhibition analysis of D77T mutated rhizopuspepsin using Lys-Pro-Ala-Ala-[X]-Ala-Leu- 
Gly-NH2, where [X] is LySta (4S,3*S-4,8-diamino-3-hydroxyloctanoic acid) or As-LysSta, 
showed that rhizopuspepsin is able to bind substrate containing Lys at the Pi position through 
the electrostatic interaction of Asp77 with Pi Lys [31]. However, D76N mutant 
aspergillopepsin I retained sufficient activities towards peptides B and C containing Lys at the 
Pi position, as well as trypsinogen activation, which indicated that that the negative charge of 
Asp76 may be dispensable for the recognition of Pi Lys. On the basis of the data in Table 3, 
although the changes of K m value by the mutations may be independent of the interaction with 
the Pi side chain, the D76S, D76T, and A78 mutations result in large reductions in £ cat value 
versus the substrates containing Lys at the Pi position. It appears that these residues on the 
active site flap have important roles in the stabilization of the transition state complex. This 
effect can be explained simply by one or both of the mechanisms: (i) a disturbance of the 
hydrogen bond network between Pi Lys and the side chains of Asp76 and Ser78, and/or (ii) 
steric hindrance of substrate binding resulting from the change of flap structure. When D76S 
or D76T mutant aspergillopepsin I binds to a substrate containing Lys at the Pi position, the 
hydroxyl group of Ser or Thr would be hydrogen bonded to P 2 amide nitrogen of the main 
chain as in mammalian enzyme (Figure 5 B) [33, 34], which may cause an alteration of the 
side-chain torsion angle of Ser or Thr in order to hydrogen bond to the substrate and disable 
this group from binding to the s-amino group of Pi Lys. The substitution of Ser-78 [79] to 
alanine removes the hydrogen bond between Ser78 and the s-amino group of Pi Lys. The 
deletion of Ser78 in aspergillopepsin I, corresponding to mammalian aspartic proteinases such 
as pepsin (Figure 5 B), renin and cathepsin D, would give rise to a shorter and warped flap, 
which may change the direction to the Asp76 side chain to bind to the main chain of the 
substrate and/or cause steric hindrance between the resulting flap and the s-amino group of Pi 
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Lys. Thus, in the recognition of Pi Lys of a substrate, Asp76 and Ser78 of aspergillopepsin I 
appear to contribute to the stabilization of the transition-state complex by forming a hydrogen 
bond network between Pi Lys and the side chains of Asp76 and Ser78, which may be 
supported by the unique flap structure of aspergillopepsin I. 


3 Engineering of Porcine Pepsin 


3.1. Pepsin 

Pepsin (EC 3.4.23.1) is a typical aspartic proteinase produced in the gastric mucosa of 
vertebrates as a zymogen form [10]. This enzyme has been extensively characterized, and its 
three-dimensional structure has been determined at high resolution. Porcine pepsin, in 
particular, has been studied as model to analyze the structure-function relationship of the 
aspartic proteinases. Although the aspartic proteinases including mammalian and fungal 
enzymes are quite similar in their three-dimentional structures, there are drastic differences in 
the catalytic properties, especially in substrate specificities. 

There also have been many studies on the tertiary structures of aspartic proteinases with 
peptide-derived inhibitors, and the relationship between their structures and substrate 
specificities has been demonstrated. Although the hydrogen bonding pattern between the 
main chain of inhibitor and enzyme is well conserved in all inhibitor-enzyme complexes, the 
differences in the size of substrates, of which residues make van der Waals contacts with the 
side chain of inhibitor, may control the substrate specificities in aspartic proteinases. The 
attempts to examine the structural determinations of substrate specificities of aspergillopepsin 
I by site-directed mutagenesis have been made [29, 30]. And, Asp77 is shown to be the 
binding site to Pi Lys in a substrate by crystallographic study of penicillopepsin [25, 26]. 

The present chapter described the investigation whether the active site flap controls the Si 
subsite specificity of aspartic proteinases, and for this we generated several mutants of 
porcine pepsin by site-directed mutagenesis and analyzed their enzymatic properties [35]. The 
substitution of Thr77 by Asp and the insertion of Ser between Gly78 and Ser79, 
corresponding to the fungal enzymes, conferred upon porcine pepsin the ability to hydrolyze 
the substrate containing a Lys residue at the Pi position. These experiments provide positive 
evidence of the importance of the active site flap of aspartic proteinases in the Si subsite 
specificity. 


3.2. Alteration of Si Substrate Specificity of Pepsin to those of Fungal 
Aspartic Proteinase 

The structure of porcine pepsinogen cDNA was reported earlier by Lin et al. [36]. 
Therefore, porcine pepsinogen cDNA was cloned by reverse transcriptase-PCR, using total 
RNA from porcine gastric mucosa as a template. PCR primers were designated for direct 
expression in the E. coli pET system. The Ndel/Sall fragment was inserted into pET12a, 
which was designated as pETPP, to express porsine pepsinogen under the control of a T7 
promoter. The amplified cDNA was dideoxy-sequenced to verify whether it was synthesized 
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correctly. The sequence was identical with that reported by Lin et al. [36] except for the 
substitution of Tyr-242 by Asp. Porcine pepsin has been sequenced in several laboratories by 
protein and cDNA sequencing [37, 38], and these studies indicated that there are two variants 
at position 242 of amino acid sequence (Asp or Tyr). The electrospray mass spectrometry of 
porcine pepsin also demonstrated the existence of two variants [39]. Hence, the cDNA 
obtained in this study seemed to correct and available for expression studies. 

The E. coli cells harboring pETPP produced pepsinogen as an inclusion body under the 
control of the T7 promoter. The inclusion body was purified by washing with buffer and then 
refolded by solubilization with 8 M urea and subsequent dialysis under alkaline pH as 
described “Experimental Procedures” of ref. [35]. Porcine pepsin was purified from the 
refolded pepsinogen preparation by acidification and subsequent chromatogaraphy on a 
RESOURCE Q column and gave a single band on SDS-PAGE. The NH 2 -terminal sequence 
of recombinant pepsin was found to be predominatly Ile-Gly-Asp-Glu-Pro-Leu-Glu-Asn-, 
which is known as the NH 2 -terminal sequence of porcine pepsin [37], and a minor sequence 
of Ala-Ala-Leu-Ile-Gly-Asp-Glu-Pro- was also detected; the same results were reported in the 
activation of native porcine pepsinogen by Kageyama and Takahashi [40]. The secondary 
structure of native and recombinant porcine pepsins was analyzed by CD spectrometry. The 
CD spectral data showed that the spectrum of the recombinant enzyme was essentially 
superimposable on that of the native enzyme. The native and recombinant enzymes were 
almost equal in specific activity for hydrolysis of acid-denatured hemoglobin (82 and 83 mili- 
katals/kg, respectively). 

The mutant porcine pepsins, T77D, G78(S)S79, and T77D/G78(S)S79, were purified by 
the same method as wild-type pepsin, and the purities of the enzymes were judged by SDS- 
PAGE. The NH 2 -terminal sequences of the mutants were the same as that of wild-type 
enzyme. The secondary structures of recombinant wild-type and mutant pepsins were 
analyzed by CD spectrometry to determine whether localized or global changes of structures 
were induced by the mutations. The CD spectral data showed that the spectra of the mutants 
were essentially superimposable on that of the wild-type enzyme. These results suggest that 
no major conformational alterations occurred in the mutant enzymes. 

Proteolytic activities for acid-denatured hemoglobin and trypsinogen-activating activities 
due to limited protelysis of the Lys6-Ile7 bond of trypsinogen were measured with wild-type 
and mutant pepsins. The specific activities of mutant enzymes, T77D, G78(S)S79, and 
T77D/G78(S)S79, for hemoglobin hydrolysis were determined to be 53.8, and 50 milli- 
katals/kg, respectively. Each mutant enzyme effectively hydrolyzed hemoglobin although the 
activity of G78(S)S79 mutant was 10 times lower than that of wild-type enzyme. The specific 
activities of wild-type, T77D, and T77D/G78(S)S79 enzymes for trypsinogen activation were 
0.04, 0.01, and 18.5 micro-katals/ml, respectively, and no detectable activity was found for 
G78(S)S79 enzyme, which indicates that the activity of trypsinogen activation was 
significantly increased only by the double mutant. However, it was still 300-fold less than the 
activity of aspergillopepsin I. SDS-PAGE analysis showed that trypsinogen was converted to 
trypsin by T77D/G78(S)S79 mutant alone (Figure 6, lane 5) and the cleavage site was found 
to be Lys6-Ile7 by NH 2 -terminal sequencing. These results indicated that the double mutation, 
T77D/G78(S)S79, in the active site flap altered substrate specificity of porcine pepsin to those 
of fungal aspartic proteinases, aspergillopepsin I, penicillopepsin, and rhizopuspepsin. 

Peptide A (PTEFF(4-N0 2 )RL) was cleaved at the Phe-Phe(4-N0 2 ) bond by each enzyme, 
which indicated that mutant enzymes also prefer hydrophobic residues in Pi and Pf in the 
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substrate. The T77D/G78(S)S79 mutant hydrolyzed Lys-Phe(4-N02) bond in peptide B 
(PTEKF(4-N0 2 )RL) and C (Ac-AAKF(4-N02)AA-NH 2 ), which is equivalent to trypsinogen 
activation. While, for wild-type enzyme no hydrolyses at Glu-Lys and Phe(4-N0 2 )-Ala bonds 
in peptide B and peptide C were observed (Table 4). The T77D mutant cleaved at the Lys- 
Phe(4-N0 2 ) bond in peptide B, but at the Phe(4-N0 2 )-Ala bond in peptide C. There was no 
cleavage in peptide B and peptideC by G78(S)S79 mutant. 


1 2 3 4 5 



j—Trypsinogen 
1 —Trypsin 


Figure 6. Conversion of trypsinogen to trypsin by mutant pepsins. 


Table 4. Kinetic parameters for the hydrolysis of Phe-Phe(4-N02) and Lys-Phe(4-N02) 
bonds in the peptide substrates by wild-type and mutant pepsins 


Mutant pepsin 

K m 

^cat 

^cat/Am 

Ratio a 


mM 

s' 1 

mM" 1 • s" 1 

i 

PTEFfF(4-N0 2 )RL 





Wild type 

0.04 

61 

1500 

1.0 

T77D 

0.20 

20 

100 

1.0 

G78(S)S79 

0.17 

2.0 

12 

1.0 

T77D/ G78(S)S79 

0.06 

23 

380 

1.0 

Aspergillopepsin I 

0.01 

18 

1800 

1.0 

PTEKfF(4-N0 2 )RL 





Wild type 

_b 




T77D 

0.18 

0.10 

0.56 

0.0056 

G78(S)S79 

ND C 




T77D/G78(S)S79 

0.15 

1.1 

7.3 

0.019 

Aspergillopepsin I 

0.02 

13 

650 

0.36 

Ac-AAKfF(4-N0 2 )AA-NH 2 




Wild type 

_d 




T77D 

_d 




G78(S)S79 

ND C 



T77D/G78(S)S79 

0.16 

2.1 

13 

0.034 

Aspergillopepsin I 

0.10 

8.0 

80 

0.044 


a Ratio is k c JK m value relative to that with Pro-Thr-Glu-Phe-Phe(4-N0 2 )-Arg-Leu as 
substrate in each enzyme. 
b Cleavage occurred between Glu-Lys bond. 
c No detectable cleavage was observed. 
d Cleavage occurred between Phe(4-N0 2 )-Ala bond. 

Arrows (f) indicate the scissible bonds. 

(Shintani,T. etal., J. Biol Chem., 272, 18855-18861 (1997)) 
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Each reaction was carried out in 0.1 M sodium acetate, pH 4.5, at 37°C. 

These results indicate that the T77D/G78(S)S79 mutant acquired the ability to recognize 
a Lys residue at the Pi position although the enzyme still exhibited a preference for 
hydrophobic residues at the Pi position (Table 4). 

From kinetic determination of the k cat /K m (catalytic efficiency) one can obtain the second- 
order rate constant for conservation of a substrate to a product. Combining effects due to 
substrate binding and transition state stabilization, this parameter is useful for assessing 
altered substrate specificity. Differences in log (k c JK^) provide an accurate measure of the 
lowering of the transition state activation energy (AG T ^). The kinetic parameters for 
hydrolysis of Phe-Phe(4-N0 2 ) and Lys-Phe(4-N02) bonds were determined from the initial 
rate measurements, and the results are listed in Table 4. The mutations led to a 4- to 130-fold 
decrease of k c JK m compared to wild-type enzyme for peptide A. However, the k c JK m value 
for the double mutant was larger than those of single mutants. Although the k cat /K m values of 
the double mutant for peptide B and C were 50 and 30 times smaller than for peptide A, 
respectively, the double mutation led to hydrolysis of the Lys-Phe(4-N0 2 ) bonds in the 
former two peptides. The double mutant showed a similar ratio of k cat /K m for peptide C over 
peptide A to aspergillopepsin I, although the preference for peptide B was significantly 
different between the double mutated pepsin and aspergillopepsin I. These results indicated 
that fungal aspartic proteinase-like specificity of the T77D/G78(S)S79 mutant can be 
introduced into porcine pepsin (Table 4). 

To obtain information on recognition of a Lys residue at the Pi position by the 
T77D/G78(S)S79 double mutant, the kinetic parameters for this double mutant were 
determined at various pH values using three peptide subsrates containing a Phe or Lys in Pi 
(Figure 7). In all substrates, the K m values were pH independent, and above pH 4 the values 
of k ca x and k cat /K m were controlled by the dissociation of carboxyl group with a p K a of about 5. 
Below pH 4, however, the k cat and k cat /K m values for the Pi Lys substrates (peptides B and C) 
decreased as pH declined, while there was no significant change in k cat and k cat /K m values for 
the Pi Phe substrate (peptide A). 

The pH-dependent changes of substrate preference are shown in Figure 8. The Pi Lys/Phe 
preference increased as pH rose, which indicates that the dissociation of a carboxyl group as 
Asp77 may affect the preference of a Lys residue at the Pi position. 

In this study, the insertion of Ser between Gly78 and Ser79 of porcine pepsin may have 
caused an alteration in the direction of the Thr77 side chain and have disabled the side chain 
of Thr77 from hydrogen bonding to the main chain of the substrate (Figure 5). These would 
result in overall decreases in catalytic efficiencies for all substrates in the G78(S)S79 mutant. 
In the T77D mutant, the presence of the longer Asp77 side chain may allow the flap to bind 
more loosely to the substrate and result in a decrease in the number of van der Waals contacts 
between enzyme and substrate; this would lead to a reduction in catalytic efficiency. 
However, the T77D mutant enzyme hydrolyzed the Lys-Phe(4-N0 2 ) bond in Pro-Thr-Glu- 
Phe(4-N0 2 )-Arg-Leu (peptide B) although its catalytic efficiency was very low, whereas the 
Glu-Lys bond was the main cleavage site in wild-type pepsin. This would be due to the 
electrostatic repulsion between Glu of the substrate and Asp77 of the T77D mutant enzyme, 
and it would not be positive recognition of anionic Lys residue in Pi. The wild-type and T77D 
mutant enzymes cleaved the Phe(4-N0 2 )-Ala bond in Ac-Ala-Ala-Lys-Phe(4-N0 2 )-Ala-Ala- 
NH 2 (peptide C) due to the strong interaction between the Phe(4-N0 2 ) residue of the substrate 
and Si hydrophobic poket of the mutants. The double mutated pepsin exhibited higher 
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catalytic efficiency (i k c JK m ) for the Pi Phe substrate than did the single mutants. The double 
mutant would have a flap structure and hydrogen bond network between Asp77 and the main 
chian of a substrate similar to those of the fungal aspartic proteinases. In the double mutant, 
the scissible peptide bond of the substrate may lie at a more stable position. 



Figure 7. pH dependence of pKm. logkcat, amd log(kcat/Km) by mutant pepsins. 



Figure 8. pH dependent substrate preference of double mutated pepsin. 
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Furthermore, the double mutant effectively hydrolyzed the Lys-Phe( 4 -N 02 ) bond in 
peptide B and C, due to the additional two hydrogen bonds; the side chain of Asp77 and 
inserted Ser in the mutant may be hydrogen-bonded to the s-amino group of the Lys residue 
in Pi as fungal enzymes. In a previous study on aspergillopepsin I [30], the effect of the 
substitution of Ser79 by Ala (S79A) and the deletion of Ser79 (AS79; corresponding to 
porcine pepsin) on the substrate spscificity were analyzed. The Pi Lys/Phe preference of the 
AS79 mutant was reduced more significantly than the S79A enzyme. Therefore, in mutant 
pepsins the insertion of Ser is important for the orientation of the side chian at position 77, 
although this Ser may also contribute to the hydrogen acceptor in the hydrogen-bonding 
interaction. 

The effect of the dissociation of the P-carboxyl group of Asp77 in double mutated pepsin 
on the recognition of Lys residue at the Pi position were examined by pH-dependent 
hydrolysis of two type of peptide substrates containing Phe or Lys at Pi. The major 
differences in pH activity profiles were the k c JK m values below pH 4. These values for Pi 
substrates (peptide B and C) decreased as the pH dropped, while there was no significant 
change for Pi substrate (peptide A). The K m values were pH independent in all cases. These 
results are different from those of the studies that the existence of Lys or Arg residues at the 
P 4 , P 3 , P 2 , Ps\ Pf, and P 5 ’ positions in the substrates influences the K m values with little 
effect on k cat in porcine pepsin [41]; the ionic interactions between the basic residues in the 
substrate and the side-chain carboxylates in the S 4 , S 3 , S 2 , S 3 ’, S 4 ’, and S 5 ’ subsites contribute 
to substrate affinity. 

In double mutated pepsin, it is likely that the dissociation of Asp77 side chain contributes 
to the stabilization of the transition state when substrates contain Lys residue at the Pi 
position rather than substrate affinity. The electrostatic interaction between Asp77 side chain 
and Pi Lys of the substrates could play an important role in recognition of Lys residue at the 
Pi position. In aspergillopepsin I, however, the substitution of Asp77 by Asn hardly affected 
the Pi Lys/Phe preference compared with wild-type enzyme, whereas the substitution of 
Asp77 by other amino acids (Glu, Ser, and Thr) and the deletion of Ser79 reduced the Pi 
Lys/Phe preference with the decrease in the £ cat values for the Pi Lys substrates. This 
indicates that the recognition of basic Pi side chain is not dependent on the specific 
electrostatic interactions between Pi side chain and Asp77 side chain of the enzyme [30]. 
From a site-directed mutagenesis study of rhizopuspepsin, Lowther et al. (31) concluded that 
the presence of Asp at position 77 has the potential to establish an extensive hydrogen¬ 
bonding network between the enzyme and the substrate containing Lys residue at the Pi 
position. In double mutated pepsin, although the dissociation of the p-carboxyl group of 
Asp77 would be dispensable to accommodate the Lys residue in the Si pocket, it enhances the 
stabilization of the transition state complex when substrates contain a Lys residue at the Pi 
position. This may be due to the formation of the electrostatic interaction or the changes of 
the hydrogen-bonding pattern between Lys residue in Pi and Asp77 of the mutant pepsin as 
the pH is higher. 

In conclusion, the double mutant pepsin T77D/G78(S)S79 was also able to activate 
bovine trypsinogen to trypsin by the selective cleavage of the Lys6-Ile7 bond of trypsinogen. 
Results of this study suggest that the structure of the active site flap contribute to the Si 
substrate specificity for basic amino acid residues in aspartic proteinases. 
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4 Aorsin from Aspergillus Oryzae, a Novel Serine 
Proteinase with Trypsinogen Activating Specificity 

at Acidic Ph 


4.1. Sedolisin 

In addition to these above described aspartic proteinases, there exist some other distinct 
families that do not contain the consensus sequence of Asp-Thr/Ser-Gly. These are called 
non-pepsin-type aspartic proteinases and include aspergillopepsin II (EC 3.3.23.19) [42], 
scytalidiopepsin B (EC 3.4.23.32) [43], pseudomonapepsin (EC 3.4.23.37) [44] and 
xanthomonapepsin (EC 3.4.23.33) [45, 46]. These families of aspartic proteinases are not 
sensitive to pepstatin, hence they are also called pepstatin-insensitive carboxyl proteinases. 

However, another important member of the aspartic proteinase (of family A7) is the 
classical late-infantile neuronal ceroid lipofuscinosis (LINCL) protein, CLN2p (ceroid 
lipofuscinosis, neuronal 2 protein), a human lysosomal enzyme that, when mutated, leads to 
the fatal neurodegenerative disease, LINCL (47-49). CLN2p has both tripeptidyl-peptidase I 
and endopeptidase activity at acidic pH [50, 51]. The sequence of CLN2p is significantly 
similar to the two bacterial pepstatin-insensitive carboxyl proteinases, pseudomonapepsin and 
xanthomonapepsin [43-46]. Within the sequences of these enzymes, Rawlings and Barrett 
(50) identified a significant conserved sequence, Gly-Xaa-Ser, which is characteristic of the 
active-site motif of many serine peptidases. More recently, Lin et al. [52] have shown that 
Ser475, Asp360 and Asp517 are essential for the activity of CLN2p/tripeptidyl-peptidase I, 
and also that a diisopropyl fluorophosphates (DFP) specifically reacts with CLN2p at Ser475. 
Furthermore, the crystal structure of psedomonapepsin has been determined [53]. On the basis 
of its three-dimentional structure, Wlodawer et al. [53] have proposed that a family 
containing psedomonapepsin can be defined as novel family of serine-like enzymes that have 
a unique catalytic triad, Glu80, Asp84 and Ser287, and that the enzymes in this family are 
called serine-carboxyl proteinase [pseudomonapepsin is thus also known as Psedomonas 
serine-carboxyl proteinase (PSCP)]. This new family, ‘sedolisin’, was classified as S53 in the 
MEROPS database [54]. Consequently, the EC numbers for pseudomonapepsin and 
xanthomonapepsin have been reassigned as EC 3.4.21.100 and EC 3.4.21.101, respectively. 


4.2. Aorsin from A. oryzae 

An enzyme that hydrolyses Z-Arg-Arg-MCA at acidic pH was found in commercial 
protease M powder that was drained from a solid culture filtrate of A. oryzae [55]. We called 
the enzyme aorsin. The specific activity of the purified aorsin was 12.8 mkat/kg of protein for 
Z-Arg-Arg-MCA at 30°C and pH 4.0. Aorsin also hydrolysed clupeine and salmine as well as 
some fluorogenic peptide substrates, Boc-Gln-Arg-Arg-MCA and Boc-Leu-Lys-Arg-MCA, at 
an optimum pH of 4.0. Some enzymic and physicochemical properties are summarized in 
Table 5. The molecular mass of the enzyme was estimated to be 90 kDa and 70-120 kDa by 
gel filtration and SDS-PAGE (10% gel), previously. Protein that was deglycosylated by 
Flabobacterium N-glycosidase F migrated as a sharp single 61 kDa band using SDS-PAGE 
(10% gel). 
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Table 5. Some enzymic and physicochemical properties of aorsin 

Property 

Method, symbol of condition 

Value 

Molecular mass 

Gel filtration 

90 kDa 


SDS-PAGE 

7—120 kDa 


SDS-PAGE (deglycosylated) 

61 kDa 


Deduced from nucleotide sequence 

46,522 Da 

Isoelectric point 

& 

3-4 

Ca 2+ content 

Atomic absorption spectrophotometer 1 mol/mol 

Melting temperature ( T m ) Diffemtial scanning calorimeter 

66.7°C 

Optimum pH 

pH 

4.0 

Specific activity 

Z-Arg-Arg-MCA, 30°C, pH 4.0 

12.8 mkat/kg 

Half-life (C/ 2 ) for tolelance 30°C, pH 6.6 

150 min 

of pH 

30°C, pH 6.8 

5.5 min 


30°C, pH 2.4 

14 min 

Half-life (C/ 2 ) for tolerance 60°C, pH 4.0 

3.5 min 

of temperature 



Inhibitor 

Antipain, leupeptin 



(Lee, B. R., et al., Biochem. J., 371, 541-548 (2003)). 

The results indicated that the enzyme is a monomer with hetero-N-gycosidases. The 
enzyme lost activity irreversibly at pH values of > 6.5 and < 3 during incubation at 30°C. The 
half-life (tm) values for activity loss at 30°C were 150 min at pH 6.6, and 5.5 min at pH 6.8 
and 14 min at pH 2.4. Although the enzyme that was treated at 50°C and pH 4.0 for 10 min 
remained full active, the residual activity of the enzyme treated at 55°C for 10 min was 65%. 
The t \/2 value for loss of activity at 60°C and pH 4.0 was 3.5 min. The isoelectric point was 
judged to be 3-4 due to diffuse migration. Aorsin contained 1 mol of calcium per mol. The T m 
was 66.7°C. To investigate the inhibitor of aorsin, the enzyme was treated with various 
inhibitors at 30°C and pH 4.0 for 30 min and the remaining activity was measured. The 
enzyme activity was inhibited neither by pepstatin nor the standard inhibitors of peptidases of 
various type, such as diazoacetyl-DL-norleucine methyl ester (DAN) (0.0% nM), E-64 (0.1 
mM), iodoacetamide (1 mM), PMSF (10 mM), pefabloc SC (10 mM), EDTA (5 mM), EGTA 
(5 mM) or o-phenathroline (2 mM), at the final concentration indicated. This inhibition 
pattern resembled that of psedomonapepsin (or PSCP), a pepstatin-insensitive 
carboxylproteinase. Only antipain and leupeptin completely inhibited the aorsin at 0.01 mM, 
but aorsin was not inhibited by tyrostatin [56], which is specific inhibitor of PSCP. 

To investigate the substrate specificity of aorsin, 45 types of fluorogenic peptide 
substrates were used. Aorsin hydrolysed the substrates containing the basic amino acid 
residues arginine or lysine at Pi position, but did not hydrolyse any other substrates 
possessing non-basic amino acids at the Pi position, indicating that the enzyme has trypsin¬ 
like activity. Several good fluorogenic substrates and their kinetic parameters are shown in 
Table 6. 
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Table 6. Kinetic parameters of aorsin towards fluorogenic 
peptide substrates at pH 4.0. 

The parameters were determined as described in the Expreimental section of ref. (55). 
The k cat value was calculated using molecular mass 46,522 Da. The values of £ ca t, K m and 
k c JK m are the means ± S.D. for three to five independent experiments. 


Substrate 


K m (//M) * cat (s') kJK m (M‘ 


s' 1 ) 


Boc-Gln-Arg-Arg-MCA 

0.7 ± 0.03 

0.10 ±0.01 

(1.45 ± 0.06) x 10 5 

Boc-Leu-Arg-Arg-MCA 

3.9 ±0.25 

0.24 ± 0.02 

(6.12 ± 0.45) x 10 4 

Boc-Gly-Arg-Arg-MCA 

2.8 ± 0.22 

0.25 ± 0.02 

(9.01 ± 0.47) x 10 4 

Boc-Leu-Lys-Arg-MCA 

10.0 ±0.51 

5.80 ±0.37 

(5.79 ± 0.38) x 10 5 

Boc-Gly-Lys-Arg-MCA 

26.8 ± 1.33 

2.69 ±0.18 

(1.00 ± 0.07) x 10 5 

Boc-Leu-Tyr-Arg-MCA 

58.0 ±2.47 

4.11 ±0.12 

(7.09 ± 0.38) x 10 4 

Boc-Leu-Gly-Arg-MCA 

84.5 ±3.75 

1.26 ±0.04 

(1.49 ± 0.09) x 10 4 

Boc-Gln-Gly-Arg-MCA 

88.3 ±4.06 

0.84 ±0.05 

(9.46 ± 0.07) x 10 3 


(Lee, B. R., et al., Biochem. J., 371 , 541-548 (2003)) 

Although no significant diference in k c JK m values was observed between the substrates, 
relatively low k c JK m values and high K m values were observed for Boc-Gln-Gly-Arg-MCA 
and Boc-Leu-Gly-Arg-MCA in which the P 2 positions are occupied by glycine. Low K m 
values were also observed for substrates having dibasic amino acids at the Pi and P 2 
positions, such as Boc-Gln-Arg-Arg-MCA, Boc-Leu-Arg-Arg-MCA and Boc-Gly-Arg-Arg- 
MCA. The highest k c JK m value was observed for Boc-Leu-Lys-Arg-MCA. On the other 
hand, aorsin hydrolysed a peptide hormone dynorphin A (Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile- 
Arg-Pro-Lys-Leu-Lys) at the peptide bond between Arg7 and Ile8, but other peptide bonds 
were not cleaved despite the presence of several basic residues. These findings indicate that 
aorsin has a unique, specific requirement for basic residue at Pi and to prefer paired basic 
residues. In terms of cleavage, aorsin is closer to a processing enzyme than it is to trypsin. 

Plasminogen that was treated with aorsin hydrolysed a Boc-Val-Leu-Lys-MCA substrate, 
which is a substrate of plasmin, whereas aorsin or plasminogen alone did not hydrolyse the 
substrate. However, we failed to determine the processing site because activated plasmin 
could not be purified, probably due to further degradation. Trypsinogen was also activated by 
being treated with aorsin, and the generated trypsin hydrolysed Z-Phe-Arg-MCA, which was 
not cleaved by aorsin. The NH 2 -terminal sequence of the activated trypsin was determined to 
be Ile-Val-Gly-Gly-Tyr-, indiating that accurate processing had occurred by aorsin as shown 
in Figure 9. 

A gene ( aorO ) was cloned from A oryzae genomic library. To confirm whether the gene 
is functional, a plasmid containing a 4 kb Xbal fragment was used to transform the A. oryzae 
niaD300 mutant strain. 
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Figure 9. Conversion of trypsinogen into trypsin by aorsin. 

Consequently the enzyme activity of the transformant was observed to be about 10-fold 
higher than that of the recipient strain in the solid culture, but neither demonstrated any 
activity in the submerged culture. This finding indicates that the cloned gene is functional and 
expressed only in the solid culture state. 

A 4 kb Xbal fragment of the cloned aorO gene and cDNA were sequenced and 
compared. Eight introns with short sequences of 50-75 nucleotides were found in the gene. 
The complete structural gene encoded a protein of 652 amino acids. The amino acid 
sequences of the lysyl-endopeptidase-digested peptides were verified at positions Asp516 to 
Leu530 and Asn604 to Thr612. The NEC-terminal amino acid sequence of the mature enzyme 
was found at positions Gly216 to Pro244. Consequently the pre-propeptide consisted of 215 
amino acid residues from Metl to Lys215, and the mature form of the enzyme was composed 
of 437 amino acid residues. The deduced amino acid sequence of the mature protein 
contained six potential sites for aspargine-linked glycosylation at positions 218, 247, 331, 
445, 604 and 613. A protein identify search revealed that the mature aorsin protein was 35% 
identical with CLN2p [47], 23% identical with PSCP (44) and 22% identical with 
Xanthomonas pepstatin-insensitive carboxyl proteinase (XCP) [46], all of which are 
pepstatin-insensitive carboxyl proteinases. Several significant amino acids were conserved in 
aorsin, at Glu86, Asp90, Asp211, Ser354 and Asp395, each of which was equivalent to 
Glu80, Asp84, Asp 170, Ser287 and Asp328 in PSCP respectively, all of which have 
previously been described as residues essential for enzyme activity [53, 57]. 

To identify the catalytic residues, the aorO gene was mutated at the site of encoding 
Glu86, Asp90, Asp211, Ser354 or Asp395. Since we confirmed that an authentic aorO gene 
product, aorsin, was not detected in submerged culture broth of A. oryzae , we employed A. 
oryzae as a host for recombinant aorsin production. Purified recombinant enzymes showed 
that they have the same patterns as authentic aorsin in terms of molecular mass, carbohydrate 
moiety and NEC-terminal sequence. The results of site-directed mutagenesis of aorsin are 
shown in Table 7. 
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Table 7. Kinetic parameters for hydrolysis of fluorogenic peptide substrate Boc-Leu- 
Lys-Arg-MCA catalysed by aorsin and its mutants at pH 4.0 


Mutant 

K m 

kcat 

kca.JK m 

Relative 

aorsin 

(juM) 

(s' 1 ) 

(M- 1 • s' 1 ) 


Wild type 

10.0 ±0.51 

(5.80 ±0.37) 

(5.79 ± 0.38) x 10 s 

1 

E86D 

63.6 ±4.80 

(3.74 ± 0.22) x 10' 2 

(5.89 ± 0.27) x 10 2 

1 x 10' 3 

E86Q 

19.7 ±0.23 

(1.55 ± 0.02) x 10' 3 

(7.87 ± 0.34) x 10 

1.4 x 10' 4 

D90E 

117.0 ± 5.85 

(3.52 ± 0.14) x 10' 2 

(3.00 ± 0.17) x 10 2 

5.2 x 10' 4 

D90N 

22.5 ± 1.87 

(6.15 ± 0.31) x 10' 1 

(2.75 ± 0.19) x 10 4 

0.048 

D211E 

23.6 ± 1.51 

(3.23 ± 0.21) x 10- 4 

(1.37 ± 0.05) x 10 

2.4 x 10' 5 

D211N 

16.1 ±1.38 

(1.19 ± 0.05) x 10' 3 

(7.41 ±0.42) x 10 

1.3 x 10' 4 

S354T 

19.3 ± 1.23 

(6.45 ± 0.11) x 10' 4 

(3.34 ± 0.25) x 10 

5.8 x 10' 5 

D395E 

10.6 ±0.92 

(5.26 ± 0.26) 

(4.97 ± 0.33) x 10 s 

0.86 

D395N 

9.6 ±0.62 

(4.49 ± 0.09) 

(4.68 ± 0.26) x 10 5 

0.81 


(Lee, B. R., et al., Biochem. J., 371 , 541-548 (2003)) 


An aspartic acid residue, Asp328 in PSCP and Asp517 in CLN2p, has been identified as 
catalytic residue [52, 57] or a ligand of calcium binding (53). However, mutant aorsins 
Asp395—>Asn (D395N) and Asp395—>Gln (D395Q) had full activity and lost their calcium¬ 
binding ability completely. This finding indicates that Asp395 is a calcium-binding site and is 
not related to the catalytic function. A mutant enzyme replacing Asp211, equivalent to 
Aspl70 in PSCP and Asp360 in CLN2p, with either asparagines (Asp211 —► Asn, D211N) or 
glutamic acid (Asp211 —>Glu, D211E) showed that the k c JK m values were remarkably 
reduced by 7800-42000-fold. Mutation of Ser354, which is equivalent to Ser287 in PSCP and 
Ser475 in CLN2p, with threonine (Ser354—>Thr, S354T) reduced the k c JK m value by 17000- 
fold. Substitution of Glu86, equivalent to Glu80 in PSCP, with either aspartic acid 
(Glu86—>Asp, E86D) or glutamine (Glu86—>Gln, E86Q) also reduced the k c JK m value by 
1000-7400-fold. Surprisingly, however, the k c JK m value of the replacement of Asp90, 
equivalent to Asp84 in PSCP, with asparagine (Asp90—>Asn, D90N) was only 21-fold lower 
than the k c JK m value of the wild-type enzyme. 

Consequently, the k c JK m values of the mutant enzymes Glu86—>Gln (E86Q), 
Asp211—>Asn (D211N), and Ser354—>Thr (S354T) were 3-4 orders of magnitude lower and 
Asp90—>Asn (D90N) was 21-fold lower than that of wild-type aorsin, indicating that the 
positions are important for catalysis. Aorsin is another of the S53 family serine-carboxyl 
proteinases that are not inhibited by pepstatin. 


5. Deuterolysin from Aspergillus, a Member of Aspzincin 
Family with a New Zinc-Binding Motif (Hexxh + D) 

5.1. Deuterolysin - Extreamly Heat Stable 19 Kda Zn 2+ -Protease - 

Deuterolysin (EC 3.4.24.39) is extremely stable at 100°C, but unstable around 75°C [58- 
61]. Deuterolysin shows unique thermal stability. It is most unstable after 10 min at about 65- 
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75°C, but it regains stability beyond this temperature, and it is relatively stable at 100°C. This 
phenomenon is attributed to unique properties of deuterolysin in regard to reversible thermal 
unfolding and resistance for autoproteolysis [61]. 

Metalloendopeptidases are physiologically important proteinases for processing proteins 
in eukaryotes and prokaryotes. Hooper attempted to present a scheme based on the zinc¬ 
binding site, and this has been extended to classify zinc metalloproteinases into distinct 
families [62]. There are gluzincins, matazincins, inverzincins, the carboxypeptidase family, 
and the DD-carboxypeptidase family. Rawlings and Barrett divided the families of 
metallopeptidases into five groups based on the zinc-binding motif: “HEXXH + E”, “HEXX 
+ H”, “HEXXH + ?”, heterogenous other than HEXXH, and unknown [63]. In the clan MX, 
the identity of the third ligand to the zinc is unknown. 

Site-directed mutagenesis on deuterolysin (EC 3.4.24.39, neutral proteinase II) from A. 
oryzae confirmed that Hisl28 and Hisl32 are zinc lignads and that Glul29 is a catalytically 
crucial resudue [64]. These studies also identified as aspartic acid residue (Asp 164) as the 
third zinc rigand and, as a consequence, a new family name for deuterolysin containing the 
zinc-binding motif HEXXH + D was proposed: the ‘aspzincin’. 

For the crystallographic analysis of McAuley and coworkers [65], deuterolysin is an ap 
protein with a zincin-like fold. It comprises eight a-helices and four strands of p-sheet (Figure 
10). There are three disulfide bridges between residues Cys6-Cys78, Cys85-Cysl03, and 
Cysl 17-Cysl77; the last of these involves the C-terminal residue, which bridges to a cysteine 
residue located on a loop region between helices D and E. The secondary structure of 
deutrolysin is shown in the text [65]. The structure of another aspzincin with 21% sequence 
homology to deuterolysin, a peptidyl-Lys-metalloendopeptidase from the fungus Grifola 
frondosa , has determined [66]. This enzyme is closely related in structure to deuterolysin, 
with an r.m.s. difference in C a positions of 1.2 A and a topological diversity score of 8.4, yet 
it is still a poor molecular replacement search model. 

The active site of deuterolysin is located in a large cleft on the protein surface formed by 
P-sheets and an a-helix. The histidine residues coordinating the zinc are located on this helix 
(a E). The Zn 2+ atom is liganded by two histidine residues (His 128 and His 132), an aspartic 
acid residue (Aspl43) and two water molecules, folding a distoted octahedral geography as 
shown in the reference [66]. The metal-ligand distances range from 2.05 and 2.35 A, falling 
into the expected range for zinc metal geometry. Several of the angles within the octahedron 
deviate by more than 10° from ideal value and this distortion is a consequence of 
accommodation of the bidentate carboxylate group of Asp 143 [65]. The catalytic residue 
which promotes the nucleophilic attack of a water molecule on the carbonyl C atom of the 
substrate is Glul29. 

From the indication of McAurey [65], the structure confirms that deuterolysin is an 
aspzincin as proposed by Fushimi et al. [64], but there is a disagreement in the identitity of 
the aspartic acid that ligands the zinc. Fushimi and coworkers deduced this was Asp 164 after 
their studies showed mutating this to an asparagines residue led to loss of the zinc ion, 
whereas the Aspl43^Asn mutant retained the zinc. It is not clear why the Aspl43 mutant 
retained the zinc; however, a suggestion as to why mutating Asp 146 led to loss of the zinc can 
be made. Aspl46 is located close to Hisl28, with a distance of 2.86 A between the 
carboxylate oxygen OD1 of Asp 164 and nitrogen ND1 of the histidine. 
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Figure 10. Secondary structure of deuterolysin reported by McAuley et al. (2001) (A) and sequence 
alignment of penicillolysin (PLN) and deuterolysin (DLN) (B). 

The loss of this interaction after mutation to asparagines leads to a change in the 
orientation or position of this histidine, resulting in loss of zinc-binding ability [65]. 


5.2. Specificity of Deuterolysin 

Deuterolysin shows high activity on basic nuclear proteins such as histone and protamine 
but has low activities on substrates routinely used in the laboratory, such as casein, 
hemoglobin, albumin and gelatin [58, 59]. The action of deuterolysin on calf thymus histone 
H4 was studied [67]. Deuterolysin hydrolyzed histone with various amino acid residues at the 
Pi position including basic arginine and lysine, acidic aspartic and glutamic acids, and 
proline. Deuterolysin had high activity towards peptides next to a pair of basic residues (Lys- 
Arg, Arg-His, Arg-Lys, and Arg-Arg) in the calf thymus histone H4 (Figure 11). Deuterolysin 
hydrolyzed bonds between Argl7-Hisl8, Hisl8-Argl9, Arg23-Asp24, and Arg36-Leu37. On 
the other hand, deuterolysin also hydrolyzed Pro32-Arg33, Glu63-Asn64, Asp68-Ala69, and 
Met84-Asp83. The specificity of deuterolysin was different from the specificity of microbial 
metalloendopeptidases such as thermolysin (EC 3.4.24.27) and A sojae neutral proteinase I. 
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Cleavage sites following pairs of basic residues: 
GAKR I7 |H i8 RKVLRDNIQGITKPA 
AKRH is |R i9 KVLRDNIQGITKPA 
AIRR 36 |L 37 ARRGGVK 

Other cleavage sites: 

KVLR 23 |D 24 NIQGITKQ 

ITKP 32 |A 33 IRRLA 

VFLE 63 |N 64 VIRD 

VIRD 68 |A 69 VTYTEHAKRKTVTAMVV 

vtam 84 j,d 85 vvy 

The arrows () indicate cleavage sites. The right hand sequences of the arrows indicate the N-terminal 
amino acid sequences of the small peptide obtained with an Applied Biosystems 743 protein 
sequencer. 

Figure 11. Summary of cleavage specificity of deuterolysin from A. oryzae toward calf thymus histone 
H14. 


Deutrolysin had strong hydrolytic activity toward Boc-Arg-Val-Ar-Arg-MCA, with 
optimal activity at pH 9.0 (Table 8). The k c JK m value of 833 s" 1 M" 1 was obtained for Boc- 
Arg-Val-Ar-Arg-MCA. The enzyme hydrolyzed other dibasic-MCA derivatives: Pyr-Arg- 
The-Lys-Arg-MCA, Boc-Leu-Lys-Arg-MCA, Boc-Leu-Arg-Arg-MCA, and Z-Arg-Arg— 
MCA. However, almost no hydrolysis by the enzyme was found toward mono or certain 
dibasic peptide-MCAs. The findings indicate that deuterolysin had substrate specificity 
toward paired dibasic amino acid residues at the P 2 -P 1 positions. 

Table 8. Kinetic parameters of deuterolysin and Co-deuterolysin toward fluorogenic 

MCA substrates 


Substrate Deuterolysin Co-deuterolysin 


kcat k ca JK m K m k cat k ca JK m 



(uM) 

(s- 1 ) (s' 1 

• M' 1 ) (uM) 

(± 

(s' 1 • M' 1 ) 


Boc-RVRR-MCA 

26.4 ± A 

i.O 2.2 x 10' 

2 833 (100*) 

27.5 ± 10.0 

1.7 x 10' 2 

618(74) 

Pyr-RTKR-MCA 

23.7 ±7.4 

2.2 x 10' 3 

84(10) 

11.9 ± 1.8 

8.2 x 10 4 

69 (8) 

Boc-LKR-MCA 

146.0 ±21j 

0 9.0 x 10' 3 

62 (7) 

157.3 ±26.: 

> 3.5 ± 10' 3 

22 (3) 

Boc-LRR-MCA 

70.0 ±3.5 

4.5 x 10' 3 

71(9) 

63.8 ±5.7 

1.7 x 10' 

3 27 (3) 

Z-RR-MCA 

47.3 ± 10.0 

■ 9.0 x 10' 4 

19(2) 

52.2 ±5.7 

6.5 x 10' 4 

12(1) 


*The rate of hydrolysis of Boc-RVRR-MCA by deuterolysin is taken to be 100, and other such values 
are relative to that. Results are shown as means ± S.D. of three determinations. 

MCA, 4-methylcoumacyl-7-amide. 

(Doi, Y., et al., Biosci. Biotechnol. Biochem., 67 , 264-270 (2003)) 
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5.3. Co-Deuterolysin 

The value of electron paramagnetic resonance (EPR) spectroscopy in establishing 
structures and their dependence on metal coordination-sphere composition and geometry has 
been illustrated by its application to several aspects of cobalt bioinorganic chemistry. 
Deuterolysin from A. oryzae has a zinc-binding motif, but, the zinc is not detected EPR. 
Removal of the zinc ion from A. oryzae deuterolysin yields the inactive apo-enzyme, which 
can also be reactivatd by stoichiometric amounts of zinc ions. Moreover, the addition of 
cobalt ions to the apo-enzyme results in an enzymatically active species. We purified Co- 
deuterolysin to examine cobalt coordination and geometry by EPR [67]. Kinetic parameters 
toward fluorogenic MCA substrates (Table 8) and the CD spectrum of cobalt-substituted 
deuterolysin (Co-deutrolysin) were similar to that of the native deuterolysin. 

In Figure 12 we show the Q-band EPR spectra of Co-deuterolysin measured at 10 to 5 K. 
Preliminary observation of the X- and S-band EPR (9 and 3 GHz, respectively) showed an 
axial feature but line-broadening prevented us from identifying the g principal values from 
the spectrum. Resolution improvement with the respect to g values is one advantage of use of 
a high microwave frequency. From the spectra at 33.9570 GHz, g principal values could be 
unambiguously measured. 

The dominant line-broading mechanism of Co-deuterolysin was unresolved hyperfme 
splitting of cobalt nucleus and g-strain. The line width from a g-strain mechanism increases 
with increasing microwave frequency, but the contribution from hyperfme splitting is 
independent of the microwave frequency. 

On the basis of the Q-band spectrum giving better resolution than that the X- and S- 
bands, we concluded that the dominant line-broadening mechanism at Q-band EPR was g- 
strain and that there was broadening in the X- and S- band spectra. From spectra simulation in 
the Q-band spectrum, we obtained the g principal values of gxx = 5.20, gyy = 4.75, and g zz = 
2.24, and the g-strain tensor principal values dg xx =1.11 (0.2), dgyy =1.11 (0.2), and dg zz = 
0.19(0.01). 



Magnetic field (mT) 


Figure 12. Q-band EPR spectra of Co-deuterolysin. 





Unique Enzymes of Aspergillus Fungi Used in Japanese Bioindustries 


207 


The absorption spectrum of Co-deuterolysin indicates that the number of coordinating 
ligands can be four or five, that is, tetrahedral or trigonal-bipyramid, respectively. As a four 
coordinate site, the absorption energy of Co-deuterolysin is a little high, and the absorption 
coefficient 8 is small. On the other hand, the spectrum lacks the characteristic band (16,000 
cm-1) of a five-coordinate site. 

It can be concluded that a distorted tetrahedral or a two-triangular pyramidal environment 
has been assigned to the Co-deuterolysin from the correlation of the g principal values, g xx = 
5.20, gyy = 4.75, and g zz = 2.24 (67). 


5.4. Penicillolysin - Thermolabile 19 Kda Zn 2+ -Protease - 

Penicillolysin is a member of the clan MX and the family of M35 proteases [68-71]. 
Penicillolysin is a single-chain protein of 177 amino acid residues with a calculated molecular 
mass of 18525 Da and p/ of 9.6, which contains three disulfide bonds (Cys6-Cys78, Cys85- 
Cysl03, and Cysl 17-Cysl77) (Figure 10). The enzyme is a thermolabile Zn 2+ -protease from 
Penicillium citrinum with a unique substrate profile. 

Penicillolysin showed a high affinity toward the Pro-X ( = Gin, Lys, Leu or Arg) bonds 
of substance P, dynorphin A [1-13], neurotensin and chicken brain pentapeptide, and the R-R 
bonds in dynorphin A and neurotensin (Figure 13) [69]. Preferential cleavages of bonds by 
the enzyme with hydrophobic amino acid residues at the Pi position were observed on the 
peptides used (Figure 13). The specificity of penicillolysin differs from that of other 
metalloprotinases. 

The specific activities of penicillolysin for clupeine and casein hydrolysates were 3.04 x 
10' 1 and 5.23 x 10" 3 katal/kg protein at pH 7.0, respectively (Table 9) [69]. The rate of 
clupeine hydrolysis was 60-fold greater than that for casein hydrolysis. When zinc is 
removed, the enzyme is completely inactive, and readdition of zinc restores the dual activities 
towards clupeine and casein (Table 9). Depending on the casein substrate, the cobalt- 
penicillolysin (Co-penicillolysin) could be up to ca 1.6 times more active than the native zinc 
enzyme. On the other hand, in clupeine-hydrolysis, the cobalt enzyme is about 70% as active 
as the native enzyme. Thus, replacement of the zinc-penicillolysin with cobalt markedly 
decreases the activity towards clupeins while increases it towards casein. 

The curve in Figure 14 shows the CD spectrum of penicillolysin [69]. The a-heix and P~ 
structure content of penicillolysin were ca 19 and 58%, respectively. The CD curve of the 
apoenzyme is in Figure 14B and is notably different from the native one. The a-helix and the 
P-structure content of the apoenzyme were ca 9 and 61%, respectively. About 50% of the a- 
helix was destroyed in the conformational changes from the native to apoenzyme. The CD 
curve of Co 2+ -reconstructed enzyme, Co-penicillolysin, is shown in Figure 14C. The contents 
of a-helix and P-structure were ca 20% and 58%, respectively. This CD curve was almost the 
same as that the native enzyme. Parameters of the secondary structure of penicillolysin are 
shown in Table 10. 

Several candidates for zinc ligands of penicillolysin were mutated and confirmed [72]. 
Substitutions of His 128 and His 132 with Arg, of Glul29 with Gin, of Asp 143 with Asn and 
of Asp 164 with Asn resulted in a complete loss of both the enzyme activity and zinc binding 
ability of all mutant enzymes except D164N. As for the mutant D164N, the zinc content was 
determined as 1.0 mol/mol of the enzyme and the specific activity was found to be 53%. 
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Substance P RPKPjQQFF|G|LM 

Dynorphin-A Y GGFLR jRIRP|KLK 

Neurotensin <QL|YENKPjR|RPYIL 

Chicken brain pentapeptide LP |LRFnh 2 
Bradykinin RPPGF j, SPFR 


LHRH 

a-Melanotropin 
a-Neoendorphin 
Angiotensin II 
Angiotensin I 
CCK-octapeptide (26-33) 


<QHW l S Y |GLRPGnh 2 

AcSY|SMEHF| R W J, GKP V nh 2 
Y GGF|L jRKYPK 
DRVYIHPF 
DRVYIHPFHL 
DYMGWMDFnh 2 


The arrows in the sequences indicate cleavages for 1 h hydrolysis by the enzyme. The degree of 
hydrolysis being: J, >i>i- 

Figure 13. Summary of cleavage specificity of penicillolysin towards various oligopeptides. 


Table 9. Specific activities of penicillolysin, and Zn 2+ - and Co 2+ -penicillolysin at pH 7.0 


Enzyme 

Specific activity 
(katal • kg" 1 protein) 


Clupeine 

Casein 

Native 

3.04 x 10 1 (100) 

5.23 x 10' 3 (100) 

Zn 2+ -penicillolysin 

2.85 x 10" 1 ( 94) 

5.20 x 10' 3 (99) 

Co 2+ -penicillolysin 

2.10 x 10' 1 (69) 

8.26 x 10' 3 (158) 


(Yamaguchi, M., et al., Phytochemistry, 33, 1317-1321 (1993)). 



Figure 14. CD spectrea of (A) Penicillolysin(A), apoenzyme (B), and Co2+-penicillolysin (C). 
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Table 10. Secondary structure content (%) in penicillolysin, apoenzyme and 

Co2+-penicillolysin 


Enzyme a-Helix [3-Structure Turn Random 


Penicillolysin 19 58 3 21 

Apoenzyme 9 61 2 28 

Co 2+ -penicillolysin 20 58 2 20 


(Yamaguchi, M., et al., Phytochemistry, 33, 1317-1321 (1993)) 

This finding indicates that the Zn 2+ atom is bound by two histidine residues (His 128 and 
His 132) and an aspartic acid residue (Aspl43). Substitution of Glul29, a catalytically crucial 
residue in penicillolysin, with glutamine resulted in a mutant enzyme (E129Q) which 
exhibited no activity. 

A full-length cDNA encoding the penicillolysin, an 18 kDa metalloendopeptidase from 
Penicillium citrinum, was cloned [70]. Analysis of the 1284 base pair nucleotide sequence of 
the cDNA revealed a single open reading frame coding for 351 amino acid residues. The 
coding region of penicillolysin gene, plnC , occupies 1053 base pairs of the cDNA. The 
sequence consists of a putative 19-residue signal sequence, a 155-residue propeptide segment, 
and the 177-residues of penicillolysin with a molecular mass of 18529. Penicillolysin has a 
sequence of 68% with that of deuterolysin from A oryzae. 

Penicillolysin is thermolabile and its activity is almost completely lost above 66°C. It is 
interesting that, despite having a highly similar identity to and the same number, three, of 
disulfide bonds as deuterolysin, penicillolysin is thermolabile. Of the substitutions involving 
residues with largely identical structural environments in penicillolysin and deuterolysin, 
those for which the deuterolysin situation could be favorable for thermal stability were 
selected [72]. 

We designed and constructed two different mutants (R33E/E60R and A167E) for the 
connection between the two a-helices (A, and C helices or E, and H helices) in the folded 
penicillolysin [72]. The approximate average content of a-helices and p-structures in a protein 
can be estimated from the CD spectrum, by comparison to a database of spectra of proteins of 
known structure. Although the CD spectra of the wild-type and mutants have slight 
differences, the enzyme activity of the mutants was not largely affected. Kinetic parameters 
of the mutant R33E/E60R are similar to those of the wild-type enzyme. Similar k c JK m 
parameters were obtained for the two mutants, R33E/E60R (18.2 M' 1 • s' 1 ) and T81P (16.8 
M' 1 • s' 1 ). The k c JK m value of the A167E mutant (29.8 M' 1 • s' 1 ) was 1.6-fold higher than 
that of the wild-type enzyme (18.2 M' 1 • s' 1 ). 

The stability of both the wild-type and mutant proteins is expressed as the melting 
temperature, T m , which is the temperature at which 50% of the enzyme is denatures during 
irreversible heat denaturation. To prevent the self-digestion of penicillolysin, heat treatment 
was carried out at pH 5.0 because the proteolytic activity is substantially reduced at this pH 
and the active form of the enzyme is stable. For the wild-type enzyme and the three mutants, 
the thermal stabilities and the T m changes were assayed at pH 5.0 by measuring the far-UV 
CD spectrum at 222 nm as a function of temperature. For the wild-type penicillolysin, the T m 
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value was determined as 68°C at pH 5.0. The chosen mutation in penicillolysin was T81P, 
which caused in increase in the melting temperature to 71°C at pH 5.0. Unfortunately, we 
could not obtain thermal stable forms for the two mutants, T78P and A112P, of penicillolysin. 
The two single mutants, T78P and A112P, were found to fairly unstable enzymes. The 
destabilizing effect of T87P is probably due to the location of Thr87, which is near the 
disulfide bridge, Cys85 and Cysl03. Alai 12 is located in a loop between aD and aE. The aE 
helix includes a catalytic residue, Glul29, and Zn -binding residue, Hisl28. When Alai 12 is 
substituted with a more rigid residue, Pro, a minor structural change to the loop and the aE 
helix regions might occur. The chosen mutations in penicillolysin, R33E/E60R and A167E, 
caused an increase in the T m to 70°C at pH 5.0. 


A 




Figure 15. (A) Determination of the half-life of activity, T 50 , for wild-type penicillolysin (o) and 
mutants R33E/E60R (A), A167E (T) and T81P (■). (B) Stability at 65°C of wild-type of 
penicillolysin (o), R33E/E60R (A), A167E (T) and T81P (■). 
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When the rate of denaturation of enzyme is measured, it is more common to express the 
result in terms of the half-life of enzyme activity, 6/ 2 , rather than in terms of the rate constant, 
kd. For a first-order reaction the relationship is t\a = In 2/kd = 0.69/^d [73]. In our study, 
thermal stability was quantified as fi/ 2 , being the temperature at which 50% of the initial 
activity was retained for 10 min. The thermal stability of the mutants also depended on 
temperature, as shown in Figure 15. The double mutant R33E/E60R was found to be fairly 
thermally stable, as shown in Figure 15. The half-life (7 i/ 2 ) value, 66°C, of R33E/E60R was 
higher than that of the wild-type penicillolysin. It is interesting that two mutations probably 
due to favorable interactions between the two a-helices (A and C helices) were generated and 
these interactions are important in the thermal stability of the mutant enzyme R33E/E60R. 
The A167E mutant showed the same thermal stability as R33E/E60R. The A167E mutation 
was also sufficient to increase the fi/ 2 value from 62 to 65°C. The single A167E mutation was 
useful for the thermal stabilization of penicillolysin, indicating that the connection between 
the aE and aH helices may be important. Among the three proline mutants, the T81P mutant 
significantly increased the fi/ 2 value from 62 to 68°C, whereas T87P and A112P had no clear 
stabilizing effects. For the 50% residual activity, the thermal stability at 65°C was 4, 12, 12 
and 21 min for the wild-type, R33E/E60R, A167E and T81P, respectively (Figure 15B). 
When the T81P mutation was introduced, the enzyme was found to be more thermally stable 
than the two mutants, R33E/E60R and A167E. It is interesting that T81P similarly enhanced 
the thermal stability of penicillolysin; however, the other two mutants, T87P and A112P, 
showed decreased thermal stability. The T81P mutant of penicillolysin may have a structure 
essentially identical to that of the wild-type of deuterolysin. There are indications that the 
proline residues contribute to enzyme thermal stability [74, 75]. The contribution can be 
explained in terms of entropic effects (or chain flexibility) since proline is more restricted 
conformationally in the unfolded state than any other amino acid. Since proline residues are 
restricted with respect to their cp-\|/ angles, their introduction can easily cause conformational 
strain in the backborne. Suzuki et al. [76] demonstrated that an increase in the frequency of 
proline in P-tums and in the total number of hydrophobic residues can enhance proline 
thermal stability. 

For further investigation, the triple mutant R33E/E60R/T81P was constructed. 
Surprisingly, the triple mutation was found to produce a fairly thermally unstable enzyme. 
The half-life (^i/ 2 ) value of the triple mutant was determined as 58°C. 

The thermal stability of an enzyme is influenced by many factors, including amino acid 
sequence, three-dimensional structure, cofactors and pH. However, at present we cannot 
explain the results obtained. The present findings described in the ref. (72) show that the 
thermal stability of penicillolysin is increased dramatically by just a few mutations in one 
particular region of the protein. 


6. Acid Arboxypeptidase from Aspergillus Saitoi 

6.1. Acid Carboxypeptidase 

Carboxypeptidase A (EC 3.4.17.1) that cleaves carboxy-terminal aromatic or neutral 
amino acid from peptides and proteins has been extensively characterized [77], and 
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carboxypeptidase B (EC 3.4.17.2) that cleaves carboxy-terminal arginine or lysine from the 
peptides and proteins has been studied for many years [78]. Both pancreatic 
carboxypeptidases A and B are Zn 2+ -metalloenzymes with an alkaline pH optimum. 

While establishing purifying for aspartic proteinase (aspergillopepsin I, EC 3.4.23.18) [7, 
8] of Aspergillus saitoi , which is a food microorganism strain, it was discovered to be a rich 
source of acid carboxypeptidase (EC 3.4.16.5), which removes acidic, neutral, and basic 
amino acids as well as proline from the carboxyterminal position at pH around 3 [79, 80]. The 
optimum pH with Z-Tyr-Leu (Z- = bebzyloxycarbonyl-) of the acid carboxypeptidase from A 
saitoi was 3.5. The optimum with Z-Glu-Tyr was 3.1, and that with Z-Gly-Pro-Leu-Gly, 3.2. 

The acid carboxypeptidase is stable at temperatures of about 50°C for 10 min, but rapid 
inactivation occurred at temperatures of about 60°C for 10 min. 

Competitive inhibition of the carboxypeptidase from A. saitoi by small substrates was 
found with hydrocinnamic acid, indole-3-propionic acid, and 4-phenylbutyric acid [80]. The 
K{ for hydrocinnamic acid inhibition was 4 x 10" 4 M. Diisopropylfluorophosphate (DFP) and 
tosyl-L-phenylalanylchloromethane (TPCK) were also powerful inhibitors of the 
carboxypeptidase from A oryzae (80)./>-Chloromercuribenzoate (PCMB) and iodoacetic acid 
were also powerful inhibitors of the carboxypeptidase from A. saitoi , while the inhibitors of 
DFP, TPCK, PCMB, and iodoacetic acid on the carboxypeptidase from A. saitoi were less 
than that of A. oryzae [80]. As the carboxypeptidase activity of A. saitoi has no effect when 
used with ethylenediaminetetraacetate (EDTA) and o-phenanthroline, the enzyme is a 
different type of carboxypeptidase from those of the pancreatic sources, carboxypeptidase A 
and carboxypeptidase B [80]. 

Cultivation of fungi of the genus Aspergillus is carried out both in solid (‘Koji’) culture 
and liquid (submerged) culture. The first extracellular acid carboxypeptidase from Aspergillus 
saitoi was discovered by Ichishima [79]. Using the method of Yphantis, the extrapolated 
molecular mass was determined to be 139,000 as shown in Figure 16 [79]. 

According to the gel filtration molecular mass of 155,000 for the larger form or polymer 
and 51,000 for the smaller form or monomer were obtained in the absence of NaCl, and in the 
presence of 0.2 M NaCl a value of 135,000 was obtained (Figure 17) [79]. 

The interdependence of protein surface and hydration of Sephadex has implications for 
confusion of the molecular mass experiments. The acid carboxypeptidase from A. saitoi is a 
glycoprotein, containing approximately 30% carbohydrate by weight [81, 82]. Furthermore, a 
single protein band with molecular mass of 72,000 was detected in SDS-PAGE [79]. This 
indicates that the carboxypeptidase is a homologous dimmer [79]. 



Figure 16. Sedimentation constant, S20,w, of Aspergillus acid carboxypeptidase. 
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6.2. Specificity of Acid Carboxypeptidase 

The relative rates of hydrolysis of a series of peptides by the enzyme are shown in 
Tablet 1. 



Figure 17. Molecular mass determination of Aspergillus acid carboxypeptidase. 

The specificity of the acid carboxypeptidase displays the features typical of all pancreatic 
carboxypeptidases, hydrolysis of the specific substrate R-X-Y between X and Y (R = peptide 
residue, Z-, Bz-, Ac-). The amino acid in position Y must have a free carboxyl group; 
dipeptides (having free amino group) are not hydrolyzed. The enzyme hydrolyzes most of the 
a-amino substituted peptides. The carboxypeptidase was inactive on a number of small 
amides tried at pH 3.0. A peculiarity of its specificity, however, was its inability to hydrolyze 
the peptide bond of tripeptides tried in the Table 11. 

Several qualitative conclusions can be drawn from the results. The acid carboxypeptidase 
splits off neutral and basic amino acids from the substrates and has the ability to hydrolyze 
the peptide bond, —X-Pro in oligopeptides. 

Significant enzymatic hydrolysis has been found for substrates in which the penultimate 
position (X=Pi site (12)) of the carboxyterminal is occupied by an aromatic or acidic amino 
acid residue. It will be noted that, for substrates of the type Z-X-Y, a change in the X position 
from tyrosine to glycine, from phenylalanine to glutamic acid, or from glutamic acid to 
glycine leads to a marked decrease in the velocity rate. The favorable effect of the aromatic 
and carboxyl substituents at the side chain of the X residue is emphasized by the finding that 
where X is an aromatic amino acid residue and glutamic acid the values of the velocity rate 
are approximately one-sixhundredth and one-tenth that for X = glycine, respectively. 
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Table 11. Comparative rate of hydrolysis for Aspergillus acid carboxypeptidase on a 

range of peptides and amides 

The rate of hydrolysis of benzyoxycarbonyl-L-Glu-L-Tyr (Z-Glu-Tyr) is arbitrarily taken to be 
100. C-terminal amino acid residues of the substrates are expressed as R-X-Y. 


Peptides 

Relative 

activity 

Peptides 

Relative 

activity 

a-Amino-substituted 


Tripeptides 


peptides 


Gly-Gly-Gly 

0 

(1) X =aromatic amino acid 


Ala-Gly-Gly 

0 

Z-Tyr-Leu 

2502 

Leu-Gly-Gly 

0 

Z-Tyr-D-Leu 

0 

Gly-Gly-Leu 

0 

Z-Phe-Leu* 

1968 

Dipeptides 


Z-Phe-Tyr* 

916 

Tyr-Leu 

0 

Z-Phe-Tyr-Leu* 

1025 

Gly-Gly 

0 

Ac-Phe-Tyrl 2 * 

1 

Gly-Asp 

0 

(2) X = acidic amino acid 


Leu-Gly 

0 

Z-Glu-Phe* 

184 

Gly-D-Asp 

0 

Z-Glu-Tyr 

100 

Amides 


(3) X = leucine 


Z-Tyr-Leu-NH 2 * 

0 

Z-Gly-Pro-Leu-Gly 

30 

Z-Trp-Phe-NH 2 * 

0 

(4) X = glycine 


Z-Gly-Phe-NH 2 * 

0 

Z-Gly-Leu 

4 

Z-Gly-Leu-NH 2 * 

0 

Z-Gly-Phe 

2 

Z-Ala-Phe-NH 2 * 

0 

Z-Gly-Trp 

0.2 



Z-Gly-Pro 

0 



Z-Gly-Pro-Leu-Gly-Pro 

0.2 



Bz-Gly-Lys 

1 



(5) X = valine 




Z-Val-Glu 

0.4 



(6) X = proline 




Z-Gly-Pro-Leu 

trace 




^Partially insoluble at pH 3.0. 

(Ichishima, E., Biochim. Biophys. Acta, 56 , 1371-1372 (1992)) 

It may be concluded, therefore, that with samall synthetic substrates of the type Z-X-Y, 
where the X-Y bond is broken, the acid carboxypeptidase exhibits a preference for aromatic 
or carboxyl in the X position. Only limited data are available on the effect of changing the X 
and Y groups on the side chain specificity of the enzyme, but it would appear that this 
conclusion holds for substrates in which the X group is changed from tyrosine or 
phenylalanine to glycine. 

Thus Z-Tyr-Leu, Z-Glu-Tyr and Z-Gly-Pro-Leu-Gly are good substrates. Z-Phe-Tyr-Leu, 
Z-Phe-Leu, Z-Phe-Tyr and Z-Glu-Phe were cleaved very easily by the enzyme, however, 
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they are extremely insoluble at the acid end of the pH range of carboxypeptidase activity (pH 
2-4). 

The pH dependence of the acid carboxypeptidase from A. saitoi catalyzed hydrolysis of 
Z-Glu-Tyr was determined, and the main conclusions derived from analysis of the data were 
that two catalytically active groups on the enzyme with pAT e i = 2.3 and pK &2 = 4.9 were 
important in the enzymatic action at pH 3.1 (80). The of 2.3 could represent 

participitation of anionozed carboxyl group, whereas the ^K q2 = 4.9 could be in accord with 
the ionization of an imidazole group or a carboxyl group [80]. 

A. saitoi carboxypeptidase has been used for automatic C-terminal amino acid sequence 
analyses of anticoagulant decapeptide (SQLQEAPLEK) [83] and a-amylase (-LR) from 
cultured rice (Oryza sativa) cells [84], and a recombinant Serratia marcesence serine 
proteinase [85]. 

The acid carboxypeptidase from A. saitoi releases the carboxyterminal phenenylalanine- 
amide (-Phe-NH 2 ) from the carboxy-terminal amidated peptides, such as gastrin-related 
peptide (^-amyloxycarbonyl (Aoc)-Trp-Met-Asp-Phe-NH 2 , Aoc-WMDF-NH 2 ) and molluscan 
cardioexcitatory neuropeptide (Phe-Met-Arg-Phe-NH 2 , FMRF-NH 2 ) [ 86 ]. The summarized 
data are shown in Table 12. When gastrin-related peptide was used as a substrate, the enzyme 
acted only as a carboxyamidase, because of the presence of the hydrophobic amino acid 
residue, tryptophan, in the P 3 [ 12 ] position. 

Table 12. Hydrophobicity of side chains of amino acid residue adjacent to carboxy¬ 
terminal bond to be split by the carboxypeptidase from A. saitoi 


Amino acid residues 
adjacent to carboxy 
terminal bond to be split 
by the enzyme 0 



q C 1 c C 

Hydrophobicities of 




0*4 O2 ^1 

side chain of amino 


Recovery of carboxy 


p, p 3 p 2 p, p; 

acid residues* Agf 

Relative rate 

terminal amino acid 

Substrate 

r 

(kcal/mol) 

of hydrolysis 

residue (%) 

Z-Ala-Phe-NH 2 

i 

Z-A-F-NH, 

?-0.5-2.5-? 

0 

0 


Z-A-FNH 2 

?-0.5-2.5 

0 

0 

Gastrin-related peptide 

-w-m-d-f-nh 2 

3.4-1.3-0.5-2.5-? 

0 

0 


Aqc-W-M-D-FNH 2 

?-3.4-1.3-0.5-2.5 

1.0 

100 

FMRF-amide 

f-m~r-f-nh 3 

2.5-1.3-?-2.5-? 

0.S4 

76 


f-m-r-fnh* 

2.5-1.3-?-2.5 

0.16 

14 

( D- Ala 2 , Met s ]~enkephaLi namide 

-dA-G-F-M-NH 2 

-0.5-0-2.5-l.3-? 

1.0 

71 


Y-dA-G-F-MNH 2 

2.3-05-0-2.5-1.3 

0 

0 

Eledoisin-related peptide 

-I-G-L-M-NH> 

-2.9-0-l.g-l.3-? 

0.35 

31 


-F-I-G-L-MNHj 

-2.5-2.9-0-1.8-1.3 

0.65 

57 


Arrow indicates position of the splitting position. 

One-letter amino acid abbreviations were used. 

* Data are from References [25] and [26]. 

(Takeuchi, M., et al., Agric. Biol Chem., 53 , 2301-2306 (1989)) 


When eledoisin-related peptide was used as a substrate, the enzyme quickly released 
methionine-amide rather than methionine from the carboxy-terminus of -FIGLM-NH 2 . In this 
case, the P 3 position was occupied by the hydrophobic amino acid isoleucine. Furthermore, 
when D-amino acid occupied the P3 position of the substrate, as in enkepharin-amide, the 
enzyme did not liberate a carboxy-terminal methionine-amide but acted only as amidase for 
this substrate. It can be concluded that the S3-P3 interaction is important in increasing 
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enzyme-substrate affinity and turnover rate for the release of carboxy-terminal amino acid 
amide from the carboxyterminal amidated peptides [ 86 ]. When FMRF-NH 2 was used as the 
substrate, approximately 16% of the carboxyterminal peptide bond in terminal arginyl- 
phenylalanine was cleaved. Therefore, the enzyme acted not only as a carboxyamidase but 
also as an amidase for the carboxy-terminal peptide bond (FMRF-NH 2 ). The 
carboxypeptidase from A saitoi did not act as amidase for a P 4 -lacking substrate such as Z-X- 
Y-NH 2 . Thus, the P 4 position is important for the enzyme to bind and act as an amidase [ 86 ]. 
Aspergillus acid carboxypeptidase can hydrolyze the amide bond between the amino acid and 
7-amino-4-methylcoumarin (AMC) in the peptide-4-methylcoumaryl-7amide (peptide-MCA) 
such as Pro-Phe-Arg-MCA (PFR-MCA) at pH 4.9 [87]. In the MCA-substrates, the P 3 
position was occupied by a hydrophobic amino acid such as proline or valine. 


6.3. Cloning and Expression of Acid Carboxypeptidase Gene ( CPDS) 

Screening of A. saitoi cDNA library with synthetic oligonucleotide identified five clones 
by colony hybridization. One of these colonies was sequenced completely and was found to 
contain a 1812 bp cDNA that encoded a complete nucleotide sequence of the 
caboxypeptidase [ 88 ]. The cDNA sequence contains a single open reading frame of 532 
amino acids starting at position 46 and ending at 1617. The sequence around the proposed 
methionine start codon closely matches the consensus sequence for eukaryotic translational 
initiation sites and the stop codon is found in the frame at position 22. Codon usage of the 
coding region leads the choice of C in the third codon position (C : 53%; G : 20%; T : 18%; A 
: 9%). 

The putative mature A. saitoi arboxypeptidase consists of 471 amino acids (molecular 
mass of 52453 Da). The underlined sequences of amino acid residues in Figure 18 correspond 
to the sequences found by amino acid sequencing analyses of native caboxypeptidase from A. 
saitoi. Hydropathy analysis by the algorithm of Kyte and Doolittle indicates that the NH 2 - 
terminal portion of the polypeptide is hydrophobic, and analysis based on the signal sequence 
cleavage prediction method of von Heijne indicates possible cleavage sites after the 18th 
amino acid. Since A. saitoi carboxypeptidase is secreted into the medium, the NH 2 -terminal 
sequence is thought to function as a signal sequence. 

Comparison of the deduced sequence of A. saitoi carboxypeptidase with other known 
serine carboxypeptidase sequences shows that they share a low degree of similarity: 32% with 
wheat carboxypeptidase II, 32.3% with malt carboxypeptidase II and 26.2% with yeast 
carboxypeptidase Y (Figure 19) [ 88 ]. However, all of the sequences conserve the catalytic 
domains (indicated by boxes II to IV in Figure 19) and the domain (box I in the Figure 19) 
which contains the amino acid residues recognizing the C-terminal carboxylate group of 
peptide substrates. There are also present in the sequence ten potential sites for N-linked 
glycosylation. 

The A. saitoi carboxypeptidase cDNA was cloned downstream of a GDP promoter, and 
the resulting plasmid, pGCP13, was used to generate recombinant A saitoi carboxypeptidase 
protein. No enzymatic activity was detected in the culture supernatant. We detected the A. 
saitoi carboxypeptidase activity of the extract obtained from yeast cells transfected with A. 
saitoi carboxypeptidase cDNA in forward orientation (pGCP13), although no activity was 
observed with the vector alone at pH 3.1. The recombinant A saitoi carboxypeptidase activity 
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is not affected by whether the ZPCK, which is an inhibitor of yeast carboxypeptidase Y, is 
present or not. 


CAAGTGAGTTCTTTCTCACACTGATCTCTCGAGAGAGTGATCAATATGCGGATTACGTCGGCAATTGCTTCTTTGCTACT 35 

MRITSAIASLLL 12 


GGTCGGCACGGCCACCAGTCTCCAAAATCCTCACCGTCGGGCTGTTCCGGCTCCTCTCACACATCGCAGTGTAGCGTCTC 
V G T A T S L QNPHRRAVPAPLTHRSVASR 


GCGCCGTGCCCGTTGAGCGCCGATCCAACGACTTTGAGTATTTAACAAACAAGACTGCAAGATTCCTCGTCAATGGCACA 

AVPVERRSNDFE Y L T@KTA RFLV@G-1- 


AGCATCCCCGAAGTCGATTTCGACGTCGGCGAGTCCTACGCCGGTCTTCTTCCCAATACACCGACTGGGAACTCCAGCCT 

sipevdfdvges yagllpn TPTG®SSL 


115 

39 

195 

65 

275 

92 


GTTCTTCTGGTTTTTCCCCTCGCAGAACCCAGACGCCAGCGATGAGATCACTATCTGGCTCAATGGCGGCCCCGGATGT A 335 

FFWFFPSQNPDASDE ITIWLNGGPGCS 


GCTCCCTAGACGGCCTGCTTCAAGAGAACGGCCCATTCCTCTGGCAGCCCGGCACTTACAAACCCGTCCCTAATCCATAC 415 

s r. DGLLQENGPFLWQPGTYKPVPNPY 145 

TCATGGACCAACCTCACCAACGTGGTCTACATTGACCAACCCGCCGGCACGGGCTTCTCCCCTGGCCCCTCGACCGTCAA 495 

SWT®LTNVVYIDQPAGTGFSPGPSTVN 172 


CGACGAGGAAGACGTGGCTGCCCAGTTCAACAGCTGGTTCAAGCACTTTGTCGACACCTTCGACCTGCACGGCCGCAAGG 575 

DEEDVAAQFNSWFKHFVDTFDLHGRKV 199 


TCTACATCACCGGCGAAAGCTATGCGGGCATGTATGTTCCTTATATTGCCGACGCCATGCTGAACGAGGAGGATACAACC 655 

YITGESYAGM YVPYIADAMLNEEDTT 225 


TACTTCAACTTGAAGGGTATCCAAATCAACGACCCGTCCATCAACAGCGACTCGGTGATGATGTACTCCCCGGCCGTCCG 735 

YFNLKGIQIMDPSI _ M^fl_SYHii.XSfAY£. 252 

CCATCTCAACCACTACAACAACATCTTCCGACTAAACTCCACCTTCCTCTCCTACATCAACGGCAAAGCCGACAAGTGCG 815 

HLNHYNNIFRL ® STFLSYINGK A D K £ g 279 

GCTACAACGCCTTCCTCGACAAAGCCATCACCTACCCCCCTCCCACCCCCTTCCCCACGGCCCCCGAAATCACCGAAGAC 895 

Y N A F L D KAITYPPPTPFPTAPEITED 305 

TGCCAAGTCTGGGACGAAGTCGTCATGGCTGCCTACGACATCAACCCCTGCTTCAACTACTACCACXrTGATCGACTTCTG 975 

C Q V W D E VVMAAYDINPCFNYYHLI D,__F g . 332 

CCCCTACCTGTGGGACGTGCTCGGCTTCCCTTCCCTCGGCTTCGGCCCAGACAACTACTTCAACCGCTCCGACGTCCAGA 1055 

pylwdvlgfpslgfgpdnyf<S)rsdvqk 359 


AGATCCTGCATGTCCCTCCGACCGACTACTCCGTATGCTCGGAGACCGTCATCTTCGCCAACGGCGACGGCAGCGACCCC 1135 
ILHVPPTDYSVCSETVIFANGDGSDP 385 


AGCTCCTGGGGTCCCCTACCCAGCGTCATCGAACGCACTAACAACACCATCATTGGCCACGGCTGGCTCGATTACCTCCT 1215 
SSWGPLPSVIERT©NTIIGHGWLDYLL 412 


CTTTTTGAACGGCTCCCTCGCCACTATTCAGAACATGACCTGGAACGGTAAGCAAGGGTTCCAGAGTCCCCCGGTGGAAC 1295 
FL(S>GSLATIQ®MTWNGKQGFQSPPVEP 439 

CGCTCTTCGTTCCTTACCACTACGGTCTGGCTGAGCTGTACTGGGGCGATGAGCCCGACCCGTATAACCTTGATGCGGGT 1375 
LFVPYHYGLAE LYHGDEPDPYNLDAG 465 


GCTGGATACCTGGGTACGGCGCATACTGAGCGTGGGTTGACTTTCAGCTCGGTGTATTTGTCTGGTCATGAAATCCCGC A 14 55 
AGYLGTAHTE RGLTFSSVYLS G H E I P Q 492 

GTATGTTCCTGGTGCGCTTACCGCCAGTTGGAGTTCCTGCTTGGTAGAATTGATAGTCTTTCCGCGAAGGGGGACTACAC 1535 
Y V P G A LTASWSSCLVELIVFPRRGTTP 519 


CTCTTAACTTTAGTTGATGAAGATAGATGACAAGGACGTGGTTGGATGGTTTCAGATGGGAATGCGTGCATATATGAGAT 1615 
L (3) F S * 523 

GAGATGATGTATCAATGAGGGTCTAATGACTTGTACATAAGTAGATCGGTAGGAAAAAGGAAAATATAGGATAGGGTATG 1695 


CGGTGTATCATGCATGTACACCACGTGGATTCAGTTAAGGGAAAAAAAAAAAAAAA 


181 


6 


Figure 18. cDNA sequence of A. saitoi carboxypeptidase and deduced amino acid sequence. 

Western-blot analysis of yeast cell extracts shows a 72 kDa protein with rabbit anti-(A 
saitoi carboxypeptidase) serum, which is consistent with the apparent molecular mass of the 
native A. saitoi carboxypeptidase. Conversely, the extracts obtained from yeast cells 
transfected with the vector (pG-3) alone or with cDNA in reverse orientation (pGP31), as 
negative controls, yielded no stainable protein. 
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The recombinant carboxypeptidase was treated with glycopeptidase F and was subjected 
to SDS-PAGE. De-N-glycosylated recombinant enzymes migrated with apparent molecular 
masses of 62 kDa, a little larger or equivalent to that of de-N-glycosylated carboxypeptidase 
from A saitoi. 


N-terminal 


C-terminal 


A. saitoi CPase 
Yeast CPase Y 
Yeast KEX1 p 
Malt CPase I 
Malt CPase II 
Wheat CPase II 


-TIW] 


-II WL! 
-I3WLN 


LNGGPGCSi 
.NGGPGCS: 
•NGGPGCS: 
•NGGPGCS 
VlJWLNGGPGCSJ 
VI tfLNGGPGCS! 


-VItfLN 


£ LD 


£ MDG 


£ VA 


.DGL- 
iTGL- 
»GA- 
“DGF- 
AYG- 
jlVAYG- 


\ 153 \ 

-vyitcesyagHM - 
-FHIA 3 ESYAG H YIE — 
-IILS 3 ESYAG IE- 
-FYIASESYAGVm- 
-FYVA 3 ESYAGH i V E- 
-FYIA IGESYAGH nVF - 


' 357 , 

-GUlfltfLLFLNG- 
-GDFDFICNWLG- 
-GDFDGICNNKG- 

- G DF D KXVPFTG- 

- G 31 D IWVPLTA- 

- CpTlfWVPLTA- 


/ 436 * 

-LSGfitlSSYVP- 
-NGGKWPFDVP- 
-NASHWP FDKS- 
-GAG H rVP EYKP- 
-GAGHEVPGHRP- 
-GAGHEVPLHRP- 


IV 


Figure 19. Comparison of the peptide domains reportedly required for enzyme catalysis in eukaryotic 
serine carboxypeptidases. 

The recombinant carboxypeptidase was purified using gel-filtration and cation-exchange 
chromatography. The purified recombinant enzyme was homogeneous after SDS-PAGE and 
had a subunit electrophoretic mobility slightly greater than that of the carboxypeptidase from 
A. saitoi. The recombinant carboxypeptidase was subjected to gel filtration on a TSKgel 
G3000W XL column in comparison with standard proteins of known size. 

The estimated molecular mass of the recombinant carboxypeptidase was 135 kDa, which 
is expected for a dimmer. 

The specific activity of the recombinant carboxypeptidase towards Z-Tyr-Leu was 
measured at pH 3.1. The value for recombinant carboxypeptidase was 4.1 katal/kg, which was 
almost the same as that of A saitoi carboxypeptidase, 4.5 katal/kg. 

As shown in Figure 19, four conserved regions were observed in the A. saitoi 
carboxypeptidase sequence. To establish whether the Serl53, Asp357, and His436 residues in 
the conserved regions were essential for activity of the A. saitoi carboxypeptidase, we 
generated point mutations that changed each residue to alanine, by oligonucleotide site- 
directed mutagenesis. The mutated cpdS genes were cloned into the pG-3 plasmid and 
introduced into yeast YPH250 cells. Mutant catboxypeptidases (SI53A, D357A, and H436A) 
were then produced in 5-day cultures. Attempts to detect an inactive protein were made by 
Western blotting, with the wild-type enzyme as molecular-mass standard. Responses were 
obtained in all mutants. Next, each extract was assayed with Z-Tyr-Leu at pH 3.1; however, 
no carboxypeptidase activity was detected from any mutant protein. The Asp 138 mutant 
protein (D138A), as a positive control, completely retained the carboxypeptidase activity. 
These results suggest that the A. saitoi carboxypeptidase functionally conserves the catalytic 
residues (Seri53, Asp357, and His436) of any other carboxypeptidase, and strongly imply 
that the A. saitoi caeboxypeptidase is a serine proteinase with a catalytic triad comprising 
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Asp-His-Ser. It can be concluded that A. saioti carboxypeptidase is a member of the serine 
carboxypeptidase C family (EC 3.4.16.5) [89]. 


6.4. Debittering of the Bitter Peptides 

Enzymatic hydrolysates of various proteins have a bitter taste, which may be one of the 
main drawbacks to their use in food. Arai et al. [90] showed that the bitterness of peptides 
from soybean protein hydrolysates was reduced by treatment of Aspergillus acid 
carboxypeptidase from A. saitoi. Significant amounts of free leucine and phenylalanine were 
liberated by Aspergillus carboxypeptidase from the tetracosapeptide of the peptic hydrolysate 
of soybean as a compound having a bitter taste. Furthermore, the bitter peptide fractions 
obtained from peptic hydrolysates of casein, fish protein, and soybean protein were treated 
with wheat carboxypeptidase W [91]. The bitterness of the peptides lessened with an increase 
in free amino acids. Carboxypeptidase W can eliminate bitter tastes in enzymatic proteins and 
is commercially available for food processing. 


6.5 A new high-mannose type N-linked oligosaccharide 

A saitoi acid carboxypeptidase is a glycoprotein that contains both N- and O-linked sugar 
chains [81, 82]. Glycosylation of the A. saitoi carboxypeptidase suggests the stability of this 
enzyme against proteinase and proteolysis. In this chapter, the characterization of a new Fl¬ 
unked high-mannose type oligosaccharide from A saitoi acid carboxypeptidase is described. 

The sugar chain was cleaved by N-glycanase (Seikagaku Kogyo, Tokyo) from heat- 
denatured carboxypeptidase with SDS that was purified to homogeneity from the commercial 
enzyme preparation of Aspergillus saitoi ('Molsin’, Seisin Pharmaceutical Co., Ltd., Chiba). 
The cleaved oligosaccharides were purified by gel filtration on a Bio-Gel P 4 column. One 
major oligosaccharide fraction eluted from the column was used for further structural 
analyses. The ^-NMR spectrum of the anomeric proton region of the intact oligosaccharide 
(Figure 20) was compared with that of the reference oligosaccharide of Man 9 GlcNAc [92, 93] 
from yeast mannoprotein (Table 13). The set of chemical shift values of the intact 
oligosaccharide was almost identical to that of the yeast Man 9 GlcNAc [92, 93] except for the 
addition of the signal at 5.386 ppm which was assigned to the Man-7 of Mani 0 GlcNAc 2 
(Figure 20B). Owing to the 0-2 substitution of Man-7 in Man 9 GlcNAc 2 by Man-10, the 
signals at 5.077 ppm and 5.096 ppm of Man-7 showed a downfield shift (Tablel3). Chemical 
shifts appearing around 4.8 ppm and 5.1 ppm should be assigned to the unsubstituted Man-6 
and Ma-7, respectively. There must be some contaminanting sugar chains in Mani 0 GlcNAc 2 . 
To confirm the mode of the linkage of terminal mannose, the oligosaccharide was digested 
with the exo-al^2-mannosidase from Aspergillus saitoi [94, 95] at pH 5.0. The ^-NMR 
spectrum of the exo-al—»2-mannosidase resistant fragment indicates the structure 
identification to that of the standard Man 5 GlcNAc 2 . On the other hand, the ^-NMR spectrum 
of core oligosaccharide from yeast mannoprotein earlier digested with exo- 1,2-a- 
mannosidase gave one additional signal at 4,917 ppm, indicating the structure of 
Man 6 GlcNAc (Table 13). 
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The FAB-MS spectrum of the N-linked oligosaccharide from A. saitoi carboxypeptidase 
gave the m/z ion as (M + Na) + = 2067, which is consistent with the molecular mass of 
ManioGlcNAc 2 + 23. The secondary fragments are formed by elimination of Man and Man 2 , 
to give the ions with m/z 1905 and 1743, respectively. 
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Figure 20. 400 MHz 1H-NMR spectrum of anomeric region at 50oC (A) and proposed structure (B) of 
the oligosaccharaide from Aspergillus saitoi carboxypeptidase. 

To analyze the detailed structure of the oligosaccharide, we used partial acetolysis using 
the pyridylaminated (PA) derivative Man 5 GlcNAc 2 -PA was derived by partial acetolysis, 
indicating the oligosaccharide had an extra mannose residue (col) substituting for Man-11 in 
the lower arm of Man 9 GlcNAc 2 . On the bases of the above results, the sugar chain structure 
of A. saitoi carboxypeptidase is proposed as 

Mana 1 —>2Mana—>6(Mana 1 —>2Mana 1 —>3 )Mana 1 —>6(Mana 1 —>2Mana 1 —>2Mana 1 —>2Mana 
1—>3)Manpi—>4GlcNAcpi—>4GlcNAc (Figure 20 B), which has not been found in yeast 
glycoproteins (96) as well as in animal glycoproteins [97]. 
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Table 13.1H-NMR analysis of ManlOGlcNAc2 from CPase 200dpi 


Sugar residue and structure S 

Compound 

DCB A A DCB 








ppm 

Sugar chain of A. saitoi CPase (1) 

xM 

-» 6 xM 

PM - 4 /iGlcNAc - 4 x/JGlcNAc 

5.128 

4.877 

4.767 

■ T 2 

t 3 

t 3 





xM 

xM 

xM 

5.051 

5.386 

5.328 



T 2 

I 2 






xM 

xM 

T 2 

xM 


5.051 

5.294 






5.335 




t 2 







xM 



5.051 

Exo-al -»2-mannosidasc product of 1 

xM 

- h xM 

PM - 4 /JGIcNAc - 4 x/JGlcNAc 

4.900 

4.876 

4.762 



I 3 

t 3 






xM 

xM 


5.098 

5.101 

Yeast mannoprotein inner core fragment xM 

-» fc xM 

PM - 4 x/JGlcNAc 

5.146 

4.876 

4.774 


T 2 

r 3 

r 3 


5.077 

5.340 


xM 

xM 

xM - b xM 

t 2 

xM 

5.043 

5.096 






5.286 

T 2 




xM 



5.043 


A 

4.619 


4.650 

5.197 

4.675 

4.913 


A 

5.192 

4.693 


5.178 

4.699 


A number of experiments on the biosynthesis of N-linked oligosaccharides have shown 
that the maximum length of the high-mannose type structure was Man 9 GlcNAc 2 which was 
synthesized in the rough endoplasmic reticulum. Then, the glycoprotein is transferred to the 
Golgi apparatus and stepwise transfer of mannose takes place. Processing of the N-linked 
sugar chain of fungal glycoproteins in the Golgi apparatus is not known in contrast to the case 
of animal glycoproteins [97]. Therefore, the formation process of the unusual structure of 
ManioGlcNAc 2 in A. saitoi carboxypeptidase is further problem. 


6.6. Carbohydrate Moiety of Acid Carboxypeptidase 

The carbohydrate was determined to be 29.1% of the molecular mass of the 
carboxypeptidase [82]. Mild alkali treatment of the enzyme, under conditions that effect p- 
elimination of the sugar-substituted serine or threonine, caused a reduction of the 
carbohydrate content from 29.1% to 19.3%. This suggests that O-linked sugar chains account 
for about 10% of the total mass, while another 19% must be N-linked sugar chains. The 
neutral sugar composition analysis of the hydrolysates of the carboxypeptidase showed only 
D-mannnose, including the presence of high-mannose type sugar chains. 

The partially purified N-linked oligosaccharides were pyridylaminated (PA), and the 
resulting PA-derivatives were analyzed by size-fractionation HPLC (Figure 21). At least eight 
peaks were detected. The main peaks were eluted at the eluted position of M8.1 3 and M9.1; 
however, three peaks (terminated fractions M10, Mil, and M12 respectively) were eluted 
behind M9.1. All eight peaks were collected together, and the mixture of the peaks was 
digested with 1,2-a-D-mannosidase (94, 95) from A. saitoi. Digestion of the PA-derivatives 
withl,2-a-D-mannosidase gave one peak cooresponding to the elution position of M5.1, 
indicating that all of the N-linkd oligosaccharides from A. saitoi acid carboxypeptidase had 
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M5.1 as a “core” fragment, and several extra mannose were attached to the M5.1 core through 
a-1,2 linkages. 

The structure of the PA-oligosaccharide derived from the fraction M10 was analyzed 
previously (81). In this study, we purified the PA-oligosaccharide derived from the fraction 
Mil by HPLC, using reverse phase chromatography column (Cosmosil 5C18-P). One major 
peak (termed fraction 11-C) and two minor peaks (fraction 11-A and B) of PA- 
oligosaccharides were obtained from fraction Mil. The small yield of fractions 11-A and B 
were not analyzed further. Fraction 11-C was further purified by the size-fractionation HPLC. 
To analyze the mannosyl linkage of fraction Mil, the sequential exoglycosidases digestions 
were carried out. Digestion of fraction 11-C by 1,2-a-D-mannosidase (A. saitoi) [94, 95] at pH 
5.0 yielded a new peak corresponding to the elution position of M5.1. 
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Figure 21. Elution patterns of PA-oligosaccharides derived from A. saioti acid carboxypeptidease. 

This product was successively digested with a-mannosidase (Jack Bean), then four 
mannose residues were released. These results indicate that fraction 11-C has four mannose 
residues with a-1,2- or a-1,6-linkages and another six mannose residues with a-1,2-linkages 
located outside of the core. 

Partial acetolysis of the fraction 11-C under conditions in which a-l,6-mannosidic 
linkages are cleaved preferentially gave Man 6 GlcNAc 2 -PA. The Man 6 GlcNAc 2 -PA was 
digested with 1,2-a-D-mannosidase (A. saitoi ) [94, 95], resulting in a new product which was 
eluted at the elution position of M2. It suggested that the lower arm of this oligosaccharide 
had a structure as follows; Manal-2Manal-2Manal-2Manal-2Manal-3Manpi-4GlcNAcpi- 
4GlcNAc. From these results, the structure of Fraction 11-C was proposed to be Mil 
(MannGlcNAc 2 ) as shown in Figure 22. 

The O-linked sugar chains were prepared by alkaline treatment from the acid 
carboxypeptidase, and p-elimination products were separated from the polypeptide by 
precipitation with 7% ethanol. The liberated oligosaccharides (70% ethanol-soluble fraction) 
were analyzed by HPLC. Only one peak was found at a position corresponding to a 
monosaccharide (Figure 23). On paperchromatographic analysis, only one spot was also 
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obtained at the position of mannitol. The O-linked sugar chains were also analyzed by gas 
chromatography as alditol trifluoroacetate. Only one peak was detected as a mannitol 
derivative (Figure 23 A). These results indicate the O-linked sugars of A. saitoi acid 
carboxypeptidase are composed of single mannose residues. 

Incubation of the purified acid carboxypepidase with Endo H and a-mannosidase (Jack 
Bean) effected a decrease in its molecular mass and in the width of the protein band on SDS- 
PAGE. Molecular masses of 136 kDa (dimeric form) and 72 kDa (monomeric form) were 
estimated for the native (glycosylated) acid carboxypeptidase by low-angle laser 
lightscattering photoenergy and SDS-PAGE, respectively. The deglycosylated enzyme 
migrated under identical conditions with an apparent molecular mass of 129 kDa (dimmer) 
and 60 kDa (monomer), respectively. 


9 6 

Mana1-2Mana1 N 4 

io 7 anal x 3 2 1 

Mana1-2Mana1' ®Manpi- 4GlcNAcpi-4GlcNAc 

m2 ml 11 8 5 ^ 

Manal-2Mana1 -2Mana1 -2Mana1 -2Man«1 


Figure 22. Proposed structure of N-linked oligosaccharide of the fraction 11-C from A. saitoi acid 
carboxypeptidase. 
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Figure 23. (A) Gas chromatography of trifluoroacetate — from A.saitoi acid CPase. (B) HPLC profile 
of alkali-treatment products from A. saitoi CPase. 
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Figure 24. Molecular ellipticity [0] of native and deglycosylated A saitoi acid carboxypeptidase. 

Table 14. Secondary structures of native and deglycosylated acid carboxypeptidases 

from Aspergillus saitoi 


Enzyme 

a-Helix 

(%) 

P-Sheet 

(%) 

P-Turn 

(%) 

Random 

(%) 

Deglycosylated 

carboxypeptidase 

21.2 

30.5 

21.8 

26.5 

Native 

carboxypeptidase 

19.1 

23.5 

27.1 

30.3 


(Chiba, Y., et al., Curr. Microbiol., 27, 281-288 (1993)) 

To investigate whether the oligosaccharide chain influenced protein conformation, the 
CD and absorption spectra of glycosylated and deglycosylated forms were measured. Slight 
differences were found between them (Figure 24). From the CD spectra, the contents of a- 
helix, P-structure, and random coil were calculated (Table 14). The contents of a-helix in the 
enzymes were almost the same, whereas the contents of P-structure increased in the 
deglycosylated enzyme. The absorption spectra of the two forms showed no apparent 
changes. The specific activity of the enzyme decreased slightly from 0.32 katal/kg to 0.31 
katal/kg upon deglycosylation. The K m and k cat values of the native and the deglycosylated 
enzymes showed no differences (Table 15). The pH and temperature optimum were 
unaffected by the deglycosylation process. Both forms of the acid carboxypeptidases were 
most active at pH 3.0-3.5 towards Z-Glu-Tyr. Native acid carboxypeptidaswe was fully active 
below 50°C but gradually became inactivated above 55°C and denatured completely at 70°C. 
The temperature activity profile of the deglycosylated enzyme showed a pattern similar to 
that of the native enzyme. 
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Deglycosylation had no marked effect on the stability of the acid carboxypeptidase. Both 
native and deglycosylated enzymes were stable up to 50°C and active in the presence of 4 M 
urea after 24 h. The molecular structures of both enzymes were not impaired by pepsin at pH 
2.5 (Figure 25). These two enzymes had similarly great resistance to peptic digestion after 
24h. 

The mycelial wet weight and the protein contents of the mycerial extracts and of the 
culture filtrates were determined at intervals during growth of mycelia. Addition of 
tunicamycin (final concentration 5 pg/ml) to the culture medium at the beginning of the 
culture period had little effect on the growth of the fungus, and the protein concentration of 
the culture filtrate was slightly decreased. On the other hand, a marked decrease of the acid 
carboxypeptidase activity in the culture filtrate was found (Figure 26 A). 

To examine whether unglycosylated acid carboxypeptidase can secreted into the medium, 
we assayed medium in the presence or absence of tunicamycin by Western blotting analysis. 
The results indicate that the acid carboxypeptidase was not secreted into the culture medium 
when tunicamycin was added (Figure 26 B). This suggests that the decrease of enzymatic 
activity in culture filtrates of mycelia grown in the presence of tunicamycin is largely owing 
to the decrease of the concentration of the enzyme. 

Table 15. Kinetic parameters of active and deglycosylated acid carboxypeptidases from 
Aspergillus saitoi toward Z-Glu-Tyr at pH 3.1 and 30°C 


Enzyme 

K m 

^cat 

kcdtJK m 


(mM) 

(s' 1 ) 

(s' 1 • mM" 

Deglycosylated carboxypeptidase 

3.8 

97.6 

25.7 

Native carboxypeptidase 

3.6 

93.6 

26.0 


(Chiba, Y., et al., Curr. Microbiol., 27, 281-288 (1993)) 


A B 



period (h) 0 0.5 1 2 3 5 7 10 24 0 0.5 1 2 3 5 7 10 24 


Figure 25. Effect of pepsin treatment on the MW of (A) native and (B) deglycosylated A.saitoi CPase. 
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Figure 26. Relative activity of A. saitoi acid carboxypeptidase produced in the culture filtrate in the 
presence and absence of tunicamysin (A). Western blot analysis of the culture filtrate against the anti¬ 
acid carboxypeptidase antibody on SDS-PAGE (B). 

7. 1,2-A-d-Mannosidase from Aspergillus Saitoi 
7.1.1,2-A-D-Mannosidase 

The importance of a-mannosidase (EC 3.2.1.24) in the processing system of 
glycoprotiens in higher eukaryotic cells is well known (98-101). In mammalian cells, 1,2-a- 
mannosidases are an essential in the early steps of N-linked oligosaccharaide maturation 
(102). In the Enzyme Nomenclature Recommendations [103], three types of a-mannosidases, 
namely a-D-mannoside mannohydrolase (EC 3.2.1.24), 1,2-a-mannosyl-oligosaccharide-a-D- 
mannohydrolase (EC 3.2.1.1.113) and l,3-(l,6)-mannosyl-oligosaccharide a-D- 
mannohydrolyase (EC 3.2.1.114), are given as systematic names. 

We have described the purification to homogeneity of 1,2-a-D-mannosidases from fungi 
Aspergillus saioti (A. phoenicis ) [94, 95], Penicillium citrinum [104, 105] and Pycnoporus 
coccineus [106] specifically capable of releasing a(l-2)-linked mannose residues from 
oligosaccharides derived from asparagines-linked glycans of glycoproteins. Ballou [107] 
isolated characterized the exo-1,2-a-mannosidase from A saitoi and examined its proerties. 

The predicted amino acid sequence of the 1,2-a-D-mannosidase from A. saitoi (107) is 
70, 26, and 35% identical with those of P. citrunum 1,2-a-D-mannosidase [108], yeast (S. 
cerevisiae) Man 9 -specific mannosidase [109, 110] and mouse Golgi 1,2-a-D-mannosidase 
from [111], respectively. 
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7.2. Expression of A. Saitoi 1,2-A-D-Mannosidase Gene ( Msds ) in A. Oryzae 
Cells 

For the construction of an overexpression system of the intracellular 1,2-a-mannosidase 
(EC 3.2.1.113) gene ( msdS) from A. saitoi (A. phonenicis ), the NFC-terminal signal sequence 
of the gene was replaced with that of the aspergillopepsin I (EC 3.4.23.18) gene ( apnS) signal 
[112]. Then the fused 1,2-a-mannosidase gene ( f-msdS) was inserted into the Notl site 
between P-No8142 and T-agdA in the plasmid pNAN 8142 (9.5 kbp) and thus the Aspergillus 
oryzae expression plasmid pNAN-AMl (11.2 kbp) was constructed. The fused f-msdS gene 
has been overexpressed in a transformant A. oryzae niaD AMI cell. The recombinant enzyme 
expressed in A. oryzae cells was purified to homogeneity in two steps. The system is capable 
of making as much as about 320 mg of the enzyme/liter of culture. 

The recombinant enzyme has activity with methyl-2-O-a-D-mannopyranosyl a-D- 
mannopyranoside (Man-al,2-Man-OMe) at pH 5.0, while no activity was determined with 
methyl-3-O-a-D-mannopyranosyl a-D-mannopyranoside (Man-al,3-Man-OMe) or methyl-6- 
O-a-D-mannopyranosyl a-D-mannopyranoside (Man-al ,6-Man-OMe). The substrate 
specificity of the enzyme was analysed by using pyridylaminated (PA)-oligomannose-type 
sugar chains, Man 9 . 6 (GlcNAc) 2 -PA (Man is mannose; GlcNAc is N-acetylglucosamine). The 
enzyme hydrolysed Man 8 GlcNAc 2 -PA (type 'M8A 5 , Mana l-2Manal-2Mana 1-3 [Mana 1- 
3 (Mana 1 -2Mana 1 -6)Mana 1 -6]Manp 1 -4GlcNAcP 1 -4 

GlcNAc-PA) fastest. While, the results showed that the poorest substrate among the PA- 
sugar chains was 'M6C’ (Mana 1-3 [Mana l-2Mana 1-3 (Mana l-6)Manal-6] Manpl- 
4GlcNAcpl-4GlcNAc-PA) for the A. saitoi 1,2-a-D-mannosidase, and it was assumed that the 
Mana 1-2 residue in M6C interfered with the hydrolysis of other Mana 1-2 residues. 

Molecular mass values of the enzyme were determined to be 63 kDa by SDS/PAGE and 
65 kDa by gel filtration on Superose 12 respectively. The p/value of the enzyme was 4.6. The 
NH 2 -terminal amino acid sequence of the enzyme was 
GSTQSRADAIKAAFSHAWDGYLQY, and sequence analysis indicated that the signal 
peptide from aspergillopepsin I gene ( apnS) gave was removed. The molar absorption 
coefficient, 8 , at 280 nm was determined as 91539 M " 1 • cm" 1 . Contents of the secondary 
structure (a-helix, p-structure and the remainder of the enzyme) by far-UV CD determination 
were about 55, 38 and 7%, respectively. The melting temperature, T m , of the enzyme was 
71°C by differential scanning calorimetry. The calorimetric enthalpy, AH cah of the enzyme 
was calculated as 13.3 kJ • kg of protein" 1 . 

7.3. Catalytic Residues of Ca 2+ -Independent 1,2-A-D-Mannosidas from A 
Saioi 

Preliminary site-directed mutagenesis experiments of the fused 1,2-a-D-mannosidase 
gene ( f-msdS) on the expression vector, pGAM-1, were done previously to identify the 
functional role of catalytic residues in the 1,2-a-D-mannosidase from A. saitoi expressed in 
yeast cells [113]. 

Seven carboxylic acid residues to be studied were constructed in the cloned A. saitoi 1,2- 
a-D-mannosidase gene ( msdS) by site-directed mutagenesis. The roles of six conserved active 
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carboxylic acids in the catalytic mechanism of A saitoi 1,2-a-D-mannosidase were identified 
by site-directed mutagenesis and kinetic analyses [114]. Recombinant enzymes were purified 
homogeneously on SDS-PAGE gels (Figure 27A) and identified as A. saitoi 1,2-a-D- 
mannosidase by Western blot analysis (Figure 27B). Purified forms of all recombinant 
enzymes were assayed by the Somogyi-Nelson method with Man-al,2-Man-OMe as a 
substrate. No activity was detected under standard assay conditions for any of the mutant 
enzyme except E504Q, and the specific activity could only be determined after extended 
incubation, typically at 60-90 min (Table 16). From Table 16, it appears obvious that the 
mutations generated resulted in enzymes with significantly reduced ability to hydrolyze Man- 
al,2-Man-OMe, as their specific activity is at least 10 -fold less than that of the wild type 
enzyme. The specific activities of D269N and E41 IQ mutants in particular were not detected 
completely. The results of several experiments suggest that there is no significant 
contamination by wild type 1,2-a-D-mannosidase in the low activity of mutant enzymes 
(D269N and E411Q). 

Kinetic characterization of E124Q, E124D, D269E, E273D, E411D, E414D, and E474D 
mutants and wild type 1,2-a-D-mannosidase was perfomed at pH 5.0 using Man-al,2-Man- 
OMe as a substrate. Results of these kinetic experiments are in Table 17. Kinetic parameters 
for D269N and E411Q mutants could not be measured, since the reaction rates were below 
the detectable limit. The k cat value for E124Q mutant was 0.0078 s' 1 , almost 0.3% that of the 
wild type enzyme. E124D mutant enzyme also decreased the k CSLt value (0.9% of wild type 
enzyme). The K m values of E124Q and E124D mutant enzymes were essentially unchanged. 



Figure 27. SDS-PAGE (A) and Western blot analysis (B) of the A. saitoi 1,2-a-D-mannosidase and 
mutants. 
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Table 16. Specific activities of purified wild type and mutant 1,2-a-D-mannosidases from 

A. saitoi 


Mutant 

1,2-a-D-mannosidase 

Specific activity 
mkatal/kg a 

Relarive activity 

% 

Wild type 

47.3 

100 

E124Q 

0.009 

0.020 

E124D 

0.096 

0.20 

D269N 

ND b 


D269E 

0.92 

1.9 

E273Q 

0.007 

0.015 

E273D 

0.30 

0.63 

E411Q 

ND b 


E411D 

0.35 

0.74 

E414Q 

0.004 

0.009 

E414D 

0.19 

0.40 

E474Q 

0.003 

0.006 

E474D 

0.25 

0.53 

E504Q 

7.0 

15 


a Using Manal,2Man-OMe as substrate. One katal releases 1 mol of reducing group (calculated 
as mannose) per second at 30°C, pH 5.0. 
b ND, not detected. 

(Tatara, Y., et al, J. Biol Chem., 278 , 25289-25294 (2003)). 

Table 17. Kinetic parameters of wild type and mutant 1,2-a-D-mannosidases from 

A. saitoi 


Mutant 

K m 

^cat 




1,2-a-D-mannosidase 

(mM) 

(s' 1 ) 

s' 1 • mM' 1 

% 

Wild type 


0.28 

2.5 

9.04 

100 

E124Q 


0.13 

0.0078 

0.062 

0.7 

E124D 


0.49 

0.022 

0.044 

0.49 

D269N 


ND a 

ND a 

ND a 


D269E 


4.8 

0.51 

0.11 

1.2 

E273D 


7.0 

0.37 

0.054 

0.6 

E411Q 


ND a 

ND a 

ND a 


E411D 


8.0 

1.4 

0.18 

2.0 

E414D 


8.6 

0.037 

0.0043 

0.05 

E474D 


6.4 

0.023 

0.0036 

0.04 


a ND, not detected. 

(Tatara, Y., et al, J. Biol Chem., 278 , 25289-25294 (2003)). 


Compared with wild type 1,2-a-D-mannosidase, the D269E and E411D mutant enzymes 
showed 17- and 28-fold increases in K m values, respectively, whereas the £ cat values were 



230 


Eiji Ichishima 


slightly lower than that of wild type enzyme. The K m values of E273D, E414D, and E474D 
mutant enzymes were greatly increased to 23-31 fold that of wild type enzyme, and the k cat 
values were decreased (1-15% wild type enzyme). 

pH-activity profiles of El24A and E124D mutant 1,2-a-D-mannosidases for Manal,2- 
Man-OMe hydrolysis are shown in Figure 28. The optimum pH of E124D and E124A mutant 
enzymes shifted from 5.0 to 4.0 and 4.5, respectively. The activity of E124A mutant enzyme 
was found to be lower than that of wild type enzyme over the whole pH range studied, but the 
effect was more pronounced for the basic limb. 

Effects of an external nucleophile on alanine mutant enzymes were studied. Mutation 
(Glu or Asp to Ala) at the general base catalyst creates a cavity in the active site that can 
accommodate a small external nucleophile. Sodium salts of azide at 3 M were used as 
external nucleophiles in the enzyme-catalyzed hydrolysis of Man 6 GlcNAc 2 -PA sugar chain. 
The reaction mixture was analyzed by HPLC (Figure 29). The activity of wild type 1,2-a-D- 
mannosidase was inhibited by a high concentration of azide. The E124A, D269N, and E411A 
mutant enzymes were inactive in the absebce of azide, as a peak corresponding to a 
Man 5 GlcNAc 2 -PA was not detected. In the presence of azide, these mutant enzymes could not 
be reactivated. 

Atomic absorption spectrophotometric analysis and kinetic analysis of wild-type 1,2-a-D- 
mannosidase were performed. Concentrations of Ca were determined by atomic absorption 
spectrophotometric analysis. The purified recombinant wild type 1,2-a-D-mannosidase almost 
completely did not contain Ca 2+ . Other divalent metal cations including Mg 2+ , Mn 2+ , Co 2+ , 
Cu 2+ , and Zn 2+ were also not detected. 



Figure 28. pH-activity profiles of wild type A. saitoi 1,2-a-D-mannosidase and mutants. 
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Figure 29. Effect of an external nucleophile on catalytic residue mutants of A. saitoi 1,2-a-D- 
mannosidase using Man6GlcNAc2-PA as a substrate. 


Table 18. Kinetic parameters of wild type and Ca 2+ biding 1,2-a-D-mannosidase from A. 

saitoi 


1,2-a-D-mannosidase 

Ca 2+ binding 

K m 

^cat 

^■cal/^m 


mol/mol 

mM 

s" 1 

s" 1 • mM" 1 

Wild type 

0 

0.28 

2.53 

9.04 

Ca 2+ -treated a 

0.9 

0.29 

1.95 

6.84 


a The Ca 2+ -free wild type enzyme was treated with CaCl 2 as described under “Experimental 
Procedures” of ref. (114). 

(Tatara, Y., et al., J. Biol Chem., 278 , 25289-25294 (2003)) 
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2+ 2+ 

After Ca treatment (see “Experimental Procedures” of ref [114], Ca content was 

determined as 0.9 mol/mol of wild type 1,2-a-D-mannosidase. Kinetic parameters of Ca 2+ -free 
and Ca 2+ binding 1,2-a-D-mannosidase were determined (Table 18); the £ cat and K m values 
were little affected by the Ca 2+ binding. 

EDTA inhibited the Ca 2+ -free wild type 1,2-a-D-mannosidase. The inhibition was 
investigated by fixed concentrations of EDTA in the assay buffer and by varying the 
concentrations of substrate. A Lineweaver-Burk plot showed a pattern consistent with 
competitive inhibition (Figure 30) and gave a K[ of 0.91 mM for EDTA. 

For Ca 2+ binding properties of mutant 1,2-a-D-mannosidase, Ca 2+ concentration of the 
mutant 1,2-a-D-mannosidase was determined by atomic absorption spectrophotometry after 
Ca 2+ binding treatment. As shown in Table 18, the Ca 2+ -free wild type enzyme bound 0.9 mol 
of calcium/mol of protein, ~1 mol/mol. E124D, E411D, and E504Q mutants also contained 
0.8, 1.1, and 0.9 mol of calcium/mol of protein, respectively. E124Q, D269E, E269N, E474D 
contained less calcium than 1 mol of calcium/mol of protein. E41 IQ, E273Q, E273D, E414Q, 
and E414D mutants demonstrated an almost complete loss of binding of Ca 2+ . 

Effects of Ca binding on 1,2-a-D-mannosidase thermal stability were determined. The 
spectra of Ca 2+ -free and Ca 2+ -bound 1,2-a-D-mannosidase at far and near UV region were 
consistent with each other. The Ca 2+ binding did not undergo a large conformational change. 
Thermally induced loss of secondary and tertiary structure was monitored at 222 and 291 nm, 
respectively (Figure 31). T m , the temperature at which half of the molecules are unfolded, for 
Ca 2+ -free 1,2-a-D-mannosidase was 56°C and 58°C at 222 and 291 nm, respectively. The Ca 2+ 
binding contributed to the thermal stability increasing T m to 58 °C and 62°C at 222 and 291 
nm, respectively. 

For identification of catalytic amino acid residues, drastic reductions in the values of the 
catalytic coefficient (k cat ) were observed in the E124Q and E124D mutant enzymes (Table 
17). This may result from significant impairment of the chemical steps in the catalytic 
reaction. The K m value was essentially unchanged from wild type enzyme. It is, thus, clear 
that Glul24 participates in glucosidic bond hydrolysis. E124D shifted the optimum pH to be 
more acidic (Figure 28). This result is shown the lower p K a of Asp than that of Glu and 
supports the assumption that Glu 124 is directly involved in the catalytic mechanism. It could 
not be determined whether the Glu 124 residue is a carboxylate group (COO") or carboxyl 
group (COOH). 

The pH dependence of El24A affected the basic limb, which was generally assumed to 
be due to the general acid catalyst. An external nucleophile sodium azide did not reactivate 
the E124A mutant enzyme (Figure 28). Thus the Glul24 may act as an acid catalyst. The 
mechanism of the all carbohydrate hydrolases usually involves a pair of carboxylic acid 
residues. In Penicillium 1,2-a-D-mannosidase, two of the three residues (Glul24, Asp269, and 
Glu411 in A. saitoi enzyme) are believed to be potentially catalytic residues (115). Glul24 
was suggested to act as an acid catalyst as discussed above. The most likely candidates for 
other catalytic residues are Asp269 and Glu411. However, D269E and E41 ID did not show a 
considerable decrease in the £ cat values (Table 17). 
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Figure 30. Lineweaver-Burk plot of A. saitoi 1,2-a-D-mannosidase in the presence of EDTA. 



Temperature ( °C ) 


Figure 31. Thermal transition curves of Ca-free and Ca-bound A. saitoi 1,2-a-D-mannosidase. 

Recently, a base catalyst of an inverting p-amylase (EC 3.2.1.2) from Bacillus cereus var. 
mycoides was determined by the chemical rescue methodology for a catalytic site mutant 
(E367A) by azide [116]. In the case of A saitoi 1,2-a-D-mannosidase an external nucleophile 
did not reactivate the D269N and E411A mutant enzymes (Figure 29). Neither Asp269 nor 
Glu411 residues can be a base catalyst in the normal sense. Although the D269N and E41 IQ 
mutant enzymes were catalytically inactive, the D269E and E411D mutant enzymes showed 
considerable activity. The results indicate that the carboxyl groups at these positions may be 
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required for the 1,2-a-D-mannosidase activity. Structural and modeling studies on 
cellobiohydrolase Cel6A (EC 3.2.1.91) from Trichoderma reesei suggest that the catalytic 
mechanism may not directly involve a catalytic base [117]. The catalytic mechanism of 1,2-a- 
D-mannosidase deviates from the typical glycosyl hydrolase. 

E273D, E414D, and E474D mutant enzymes decreased k cat values and increased K m 
values (Table 17). The reduction of the £ cat value is assumed to be due to the destabilization of 
the sugar ring. It has become increasingly clear that ring distortion at the -1 site is crucial in 
the catalytic mechanism of cellobiohydrolase [118, 119]. The catalytic reaction of a-amylase 
from Pseudomonas stuzeri involves three acidic residues; two residues act as a proton donor 
and a proton acceptor. The other residue works to tightly bind the substrate, giving a twisted 
and deformed conformation of the glucose ring at position -1 [120]. Glu273, Glu414, and 
Glu474 of A. saitoi 1,2-a-D-mannosidase may bind the substrate to change the conformation 
of the mannose ring into more reactive one. The three-dimensional structure of P. citrinum 
1,2-a-D-mannosidase indicates that Glu271, Glu412, and Glu472 residues (Glu273, Glu414, 
an Glu474 in A. saitoi enzyme) in the active site are located at the bottom of the cavity and 
are not directly involved in the catalytic mechanism. It is demonstrated that these residues are 
hydrogen-bounded to the Ca 2+ via water molecule, and the Ca 2+ is involved in the stability of 
a substrate. But the recombinant wild type A. saitoi 1,2-a-D-mannosidase contained no Ca 2+ 
and other divalent metal cations. Despite the Ca having no effect on the 1,2-a-D- 
mannosidase activity (Table 18), its binding sites were conserved in A. saitoi 1,2-a-D- 
mannosidase. This also indicates that the drastic decrease of the activities of E273D, E414D, 
and E474D mutants (Table 19) did not parallel the loss of the Ca 2+ binding ability. These 
residues are involved in the substrate binding sites. 

Table 19. Ca 2+ binding properties of wild type and mutant A saitoi 1,2-a-D- 
mannosidases after Ca 2+ -treatment determined by atomic absorption 

spectrophotometry 


Mutant 

1,2-a-D-mannosidase 

Bound Ca 2+ 

mol/mol 

Wild type 

0.9 

E124Q 

0.44 

E124D 

0.8 

D269N 

0.12 

D269E 

0.2 

D273Q 

0 

E273D 

0 

E411Q 

0.06 

E411D 

1.1 

E414Q 

0 

E414D 

0 

E474Q 

0.45 

E474D 

0.5 

E504Q 

0.9 


(Tatara, Y., et al., J. Biol Chem., 278 , 25289-25294 (2003)) 
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It was reported earlier that the recombinant A saitoi 1,2-a-D-mannosidase has a molecule 
of Ca 2+ [112]. In this study [114], the recombinant wild type A saitoi 1,2-a-D-mannosidase 
contained no Ca 2+ . The purified wild type enzyme did not bind Ca 2+ with an addition of 
CaCf. We found that the Ca 2+ -free enzyme bound 1 mol of Ca 2+ per 1 mol of protein after the 
addition of high concentration of NaCl. It was also demonstrated that the Ca 2+ binding site is 
conserved (Table 19). 1,2-a-D-Mannosidase generally requires a divalent metal cation for the 
activity [121-125]. In the case of A. saitoi 1,2-a-D-mannosidase, the Ca had no effect on 
either the £ cat or K m value (Table 18). Thus, it is clear that Ca 2+ is not essential for the activity 
of A. saitoi 1,2-a-D-mannosidase, although the Ca 2+ binding site is conserved. EDTA was 
shown to behave as a competitive inhibitor of A saitoi 1,2-a-D-mannosidase (Figure 30); this 
indicates that the enzyme contains no divalent metal cation, 1-Deoxymannojirimycin inhibits 
1,2-a-D-mannosidase as a substrate analog. However, EDTA is not a analog. Tris is a 
competitive inhibitor for 1,2-a-D-mannosidase from rabbit river [122]. 

Tris and other buffers contamining primary hydroxyl group substantially decreased its 
activity [126, 127]. Carboxyl groups of EDTA may have an affinity for the addition of A. 
saitoi 1,2-a-D-mannosidase. A molecule of Ca contributed to thermal stabiliy (Figure 31). 
The role of Ca 2+ for A. saitoi 1,2-a-D-mannosidase is to protect the enzyme against thermal 
denaturation, and it was observed to have the same role in Saccharomyces cerevisiae- 
processing 1,2-a-D-mannosidase [128]. Although Ca is essential for S. cerevisiae enzyme 
activity [125, 128], A. saitoi 1,2-a-D-mannosidase did not require Ca 2+ for the activity (Table 
18). This is the first report demonstrating that 1,2-a-D-mannosidase requires no divalent metal 
cation for its activity [114]. 


7.4 A Single Cysteine Residue and Disulfide Bond of 1,2-A-D-Mannosidase 

A saitoi 1,2-a-D-mannosidase contains three conserved cysteine residues (Cys334, 
Cys364, and Cys443). We showed that Cys334 and Cys363 are involved in a disulfide bond, 
and that Cys443 contains a free thiol group [129]. 

For identification of a cysteine residue containing a free thiol group, trypsin-digested 
peptides of A. saitoi 1,2-a-D-mannosidase were reacted with 4-fluoro-7- 
sulfamoylbenzofurazan (ABD-F) and separated by reverse-phase HPLC. A single peak was 
detected based on fluorescence intensity and was analyzed N-terminal sequencing, and 
identified as 430 DWIWSAFSAV 439 . The trypsin-digested peptide labeled by ABD-F contained 
Cys443. The result indicates that Cyss443 contains free thiol group and that Cys334 and 
Cys363 are involved in a disulfide bond. 

Kinetic characterization of wild-type enzyme (WT), C334A, C363A, and C443A was 
performed at pH 5.0 using Man-al,2Man-OMe as a substrate. The results are shown in Table 
20. Although the K m and k cat values of C334A were lower than the WT values, no significant 
differences in catalytic efficiency (k cat /K m ) were observed between the WT and its variants, 
C334A, C363A, and C443A. Hence it was concluded that the mutations at three cysteine 
residues did not affect the catalytic performance of 1,2-a-D-mannosidase. Hence, it was 
concluded that the mutations at Cys334, Cys363, and Cys443 did not affect the catalytic 
performance of A saitoi 1,2-a-mannosidase. 
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Table 20. Kinetic parameters, Ca 2+ -binding properties, and thermostabilities of wild- 
type (WT) and cysteine mutants of A. saitoi 1,2-a-mannnosidase 

Enzyme K m k cat k c JK m Ca 2+ -binding a t m h T m c 

(mM) (s' 1 ) (s' 1 • M" 1 ) (mol/mol) (min) (°C) 


Wild type 

0.719 ±0.013 

8.51 ±0.09 

11.8 

0.0 

1.1 

119 

125 

55.8 

C334A 

0.296 ± 0.006 

3.87 ±0.12 

13.0 

0.0 

5.2 

6.8 

49.6 

C363A 

0.780 ±0.007 

9.48 ± 0.03 

12.3 

0.0 

11.3 

18.8 

49.6 

C443A 

0.719 ±0.007 

6.67 ± 0.04 

9.3 

0.0 

1.2 

24.4 

38.3 

51.9 


a A. saitoi 1,2-a-mannnosidase binds one mole of Ca 2+ per mole of protein after Ca 2+ -binding treatment 
(129). 

h tii 2 is the half-life time (min) when the residual activity of 1,2-a-mannnosidase is 50% after incubation 
at 55°C. 

c T m is a transition midpoint (°C), which is an apparent value because the thermal denaturation is not 
reversible. 

(Tatara, Y., et al., Biosci. Biotechnol. Biochem., 69 , 2101-2108 (2005)) 

For thermostability of cysteine mutants, wild-type (WT), C334A, C363A, and C443A 
were incubated at 55°C, and the half-lives of residual activity (t\/ 2 ) at 30°C were 119, 5.2, 
11.3, and 24.4 min respectively (Table 20). Mutation at Cys334, Cys363, and Cys443 
drastically decreased the thermostability of 1,2-a-D-mannosidase. It is evident that the 
thermostability of A. saitoi 1,2-a-D-mannosidase is significantly influenced by mutations. 

The wild-type (WT) and cysteine mutants bound about one mole of Ca 2+ per mole of 
protein after Ca 2+ -binding treatment (Table 20). The Ca 2+ -bound forms were also examined 
for thermostability, as shown in Figure 32. The half lives of the Ca 2+ -bound enzymes 
increased slightly, as compared to those of the Ca 2+ -free enzyme. 

Ca is essential for the activity of 1,2-a-D-mannosidase family members, such as S. 
cerevisiae [128] and human endoplasmic reticulum [121], but the A. saitoi 1,2-a-D- 
mannosidase is not dependent on Ca 2+ and has no divalent metal cation (114). Previously we 
found that it bound one mol of Ca 2+ per mol of protein at the active center, which contributed 
to thermostability (112). 

The cysteine mutants also bound Ca 2+ and were stabilize to some extent (Table 20, Figure 
32), though the binding of Ca did not fully recover the drastic decrease in thermostability 
caused by the cysteine mutations [129]. 

Twelve kinds of mutations at position 443 replacing the Cys443 with alanine, asparagine, 
aspartic acid, glycine, isoleucine, leucine, methinine, phenylalanine, serine, threonine, 
tyrosine, and valine were constructed in the msdS gene and expressed by A. oryzae. Seven 
mutant enzymes, C443A, C443D, C443G, C443L, C443S, C443T, and C443V, were purified 
and assayed for 1,2-a-D-mannosidase activity at pH 5.0 using Man-al,2Man-OMe as a 
substrate. The specific activity of each mutant enzyme is shown in Table 21. The specific 
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activities of C443A, C443G, C443S, and C443T were almost the equal of that of the WT. The 
relative activities of C443D, C443L, C443M, and C443V were less than 50%, as compared to 
the WT. The other four mutant enzymes, C443F, C443I, C443N, and C443Y, were 
undetectable or slightly detectable by Western blot analysis of the culture medium. 



Figure. 32. Thermostability of wild type and cysteine mutants of A. saitoi 1,2-a-D-mannosidasess. 

Far-UV and near-UV spectra were measured to analyze the secondary and tertiary 
structures respectively. The polypeptide backborn is optically active in the far-UV (250-170 
nm), and different secondary structures produce characteristic spectra. Tryptophan, tyrosine, 
and phenylalanine can give CD signals in the near-UV (300-270 nm). The constructed free 
rotation of the side chains exhibits the absorption band. The spectra revealed that WT, 
C334A, and C363A had the same minima and maxima, indicating that they had similar 
secondary and tertiary structures. Consequently, the disulfide bond (C334 and C363) does not 
contribute significantly to the structure of the enzyme. The far-UV and near-UV spectra of 
the WT and Cys443 variants (C443A, C443D, C443G, C443L, C443S, C443T, and C443V) 
are determined. The spectra of the WT, C443A, C443G, C443S, and C443T presented the 
same waveform and mean residue ellipticity, indicating similar secondary and tertiary 
structures. Meanwhile, large decreases in the CD intensity of C443D, C443L, C443M, and 
C443V were observed over the whole range of wavelengths. These results might be ascribed 
to the partial unfolding of the mutant enzyme. 

The CD signal at 222 nm as a function of temperature was collected and fitted to two- 
state models for WT, C334A, and C363A (Figure 33). The parameters from those fits were 
used to calculate a curve representing the apparent fraction of unfolded enzyme, F app . The 
apparent denaturation midpoint (r m ) was determined. Both C334A and C363A exhibited T m 
of 49.6°C, 6.2°C lower than that of the WT. The thermal unfolding curves of the Cys443 
variants were determined. As compared to the wild type 1,2-a-D-mannosidase (WT), the T m 
values decreased by 3.9, 5.6, 5.8, and 30°C for C443A, C443G, and C443S, respectively, 
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(Table 21). The C443T mutant retained the most stability. The thermostability of C443D, 
C443L, C443M, and C443V was not analyzed because these mutants would have very little 
tertiary and secondary conformation. 


Table 21. Specific activities and melting temperatures (T m ) of wilt type (WT) and 
Cys443 variants of A saitoi 1,2-a-mannnosidase, and comparison of amino acid 

properties 


Amino acids Specific activity T m a VanderWaals Hydrophobicity c 
at position 443 (m katal/kg) (°C) volume b (A 3 ) 


Cys (WT) 

47.4 

Thr 

44.9 

Ala 

38.3 

Gly 

44.0 

Ser 

47.1 

Asp 

19.8 

Val 

20.7 

Met 

14.5 

Leu 

11.7 

Asn 

NA e 

lie 

NA 

Phe 

NA 

Tyr 

NA 


55.8 

86 

+2.5 

52.8 

93 

-0.7 

51.9 

67 

+1.8 

50.2 

48 

-0.4 

50.0 

73 

-0.8 

ND d 

91 

-3.5 

ND 

105 

+4.2 

ND 

124 

+1.9 

ND 

124 

+3.8 

NA 

96 

-3.5 

NA 

124 

+4.5 

NA 

135 

+2.8 

NA 

141 

-1.3 


a The midpoint of the transition is an apparent value because thermal denaturation is not reversible. 
b The van der Waals volumes are from Richars, F. N., J. Mol Biol., 82, 1-14(1974). 
c Hydrophobieity indices are from Kyte, J. & Doolittle, R. F. A., J. Mol Biol , 157,105-132(1982). 
d ND means that the values are not determined, because the mutant enzymes from denatured structure, 
means that the mutant enzymes were not analyzed, because they were not secreted in the culture 
medium. 

(Tatara, Y., et al., Biosci. Biotechnol. Biochem., 69, 2101-2108 (2005)) 

We demonstrated with Aspergillus 1,2-a-D-mannosidase that Cys334 and Cys363 forms a 
disulfide bond and that Cys443 contains a free thiol group. These results are consistent with 
the crystallographic data on Penicillium 1,2-a-D-mannosidase in that the corresponding 
cysteine residues are involved in the formation of disulfide bond [115]. 

The structure of A saitoi 1,2-a-D-mannosidase was constructed and viewed with a Swiss- 
Pdb Viewer. Figure 34 shows the Cys443 and its surrounding amino acid residues. The 
hydrophobic side chains of Ile375, Leu408, Ala438, Val439, Phe449, and Leu452 are present 
within 6 A of the S r atom of C443. The free thiol group of Cys443 is not involved in a 
hydrogen bond to any amino acid residues. 
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Figure 33. Thermal unfolding curves of WT and cysteine mutants, C334A and C363A, of A. saitoi 12,- 
a-D-mannosidase. 



Figure 34. Structural model of A. saitoi 1,2-a-D-mannosidase focused on the side chain of C443 and its 
surrounding amino acids. 

Twelve mutant enzymes of Cys443 that contained a large side chian at position 443, such 
as C443F, C443I, and C443Y, were not secreted into the culture medium. The van der Waals 
volumes of phenylalanine, isoleucine, tyrosine, and cysteine are 135, 124, 141, and 86 A 3 
respectively (Table 21). It is suggested that large amino acids are not preferred at position 443 
because they cause a failure of protein folding in vivo. In eukaryotic cells, misfolded proteins 
are selectively degraded to prevent the accumulation of non-functional, potentially toxic 
proteins (130-132). Mutant enzymes such as C443F, C443I, and C443Y expressed in A. 
oryzae are recognized as misfolded proteins by the quality control system in the endoplasmic 
reticulum. The C443N, mutant was not secreted into the culture medium either, even though 
the van der Waals volume of asparagine is comparatively small (96 A). The introduction of 
asparagine at position 443 might give rise to a potential asparagine-linked glycosylation site 
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(Asn443-Arg444-Thr445). The asparagine residue at position 443 was possibly glycosylated. 
Oligosaccharides linked to asparagine residues in the context of Asn-Xaa-Ser/Thr are known 
to have essential roles as carriers of biological information [133]. The unfavorable 
asparagine-linked sugar chain probably caused the disturbance of protein folding of secretion. 

The specific activity of C443D, C443L, C443M, and C443V was less than 50%, 
compared to that of the WT (Table 21). The CD spectra of these mutants indicated that they 
were partly unfolded. The van der Waals volumes of aspartic acid (91 A 3 ) and valine (105 A 3 ) 
are close to that of cysteine (86 A 3 ). Aspartic acid and valine have bifurcated side chains at 
the C y and C p atoms respectively. The bifurcated side chains are assumed to causes 
denaturation of the enzyme. 

Leucine and isoleucine have the same van der Waals volume (124 A 3 ), and have 
bifurcated side chains at the C Y and C p atoms respectively. The C443L mutant was secreted as 
demonstrated structure, while C443I was not secreted. These results suggest that the 
bifurcated side chain at C p of isoleucine has a large side steric hindrance for the current 
protein folding and cause the degradation of C443I. Methinine is a sulfur-containing amino 
acid like cysteine. The C443M mutant also had a partly unfolded structure, which was 
thought to be due to the large van der Waals volume of methioine (124 A 3 ). 

When the cysteine443 was replaced with Ala, Gly, Ser, or Thr, the mutant enzymes folded 
the current conformations. Cys443T was the most thermostable mutant enzyme (Table 21). In 
this case the van der Waals volume of threonine is 93 A 3 , slightly larger than that of cysteine 
(86 A 3 ). On the other hand, the hydrophobicities of cysteine and threonine are +2.5 and -0.7 
respectively [134]. The decrease in the T m value of the C443T mutant is thought to be due to 
the low hydrophobicity of threonine. 

The C443A mutant is the second most thermostable mutant enzyme. Cysteine and alanine 
are hydrophobic amino acids (the hydrophobicity of alanine is +1.8). C443A was more 
thermostable than C443S, although the van der Waals volume of serine (73 A 3 ) was closer to 
that of cysteine (86 A 3 ) than alanine (67 A 3 ). These results indicate that hydrophobicity at 
position 443 is crucial to the thermostability of the enzyme. The C443G mutant was also 
thermolabile. The replacement of cysteine with glycine introduces a void in the space at 
position 443, which appears to destabilize the enzyme. From these results, we deduced that 
Cys443 of A. saitoi 1,2-a-D-mannosidase is involved in a hydrophobic interaction with the 
surrounding residues to stabilize the enzyme, and that the van der Waals volume of the amino 
acid is important to retain a stable interaction. 

Molecular modeling of A. saitoi 1,2-a-D-mannosidase showed that Cys443 was located in 
the loop connecting the al3 and a 14 helices as well as Cys441 of Penicillilum 1,2-a-D- 
mannosidase. The side chain of Cys443 was buried and surrounded by a hydrophobic 
environment (Figure 34). When the hydrophobic interaction around C443 was disrupted by 
site-directed mutagenesis, the normal folding of the enzyme was disturbed. The misfolded 
and partly denatured mutants were degraded (C443I, C443F, C443Y) and secreted (C443D, 
C443V, C443M, and C443L) respectively. It is suggested the alteration of the local structure 
around Cys 443 affects normal folding and determines the destination of the protein. 

It is thought that Cys443 is buried to avoid exposure of its highly reactive free thiol group. 
Further, it is suggested that Cys443 greatly contributes to the thermostability of the enzyme 
by increasing hydrophobic packing. 
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7.5. Production of Human Compatible High Mannose-Type (Man 5 GlcNAc 2 ) 
Sugar Chain in Yeast Cells 

A yeast mutant capable of producing Man 5 GlcNAc 2 human compatible sugar chains on 
glycoproteins was constructed [135]. An expression vector for 1,2-a-D-mannosidase with the 
“HDEL” endoplasmic reticulum retention/retrieval tag was designed and expressed in 
Saccharomyces cerevisiae. An in vitro 1,2-a-D-mannosidase assay and Western blot analysis 
showed that it was successfully localized in the endoplasmic reticulum. A triple mutant yeast 
lacking three glycosyltransferase activities was then transformed with an 1,2-a-D- 
mannosidase expression vector. The oligosaccharides structure of carboxypeptidase Y as well 
as surface glycoproteins were analyzed, and the recombinant yeast was shown to produce a 
series of high mannose-type sugar chains including Man 5 GlcNAc 2 . This is the first report of a 
recombinant S. cerevisiae able to produce Man 5 GlcNAc 2 -oligosaccharides, the intermediate 
for hybrid-type and complex-type sugar chains. 


8. Acid Activation of Protyrosinase from Aspergillus 

Oryzae 

8.1. Acid Activation of Protyrosinase from A Oryzae 

Tyrosinase (monophenol monooxygenase or monophenol dihydroxy-L-phenyalanine: 
oxygen oxidoreductase, EC 1.14.18.1) is the only known enzyme participating in the process 
of melanin biosynthesis (136). The first two steps in the pathway are the oxygenation of 
monophenol to o-diphenol and the oxidation of diphenol to o-quinones (catechol oxidase or 
1,2-benzenediol : oxygen oxidoreductase, EC 1.10.3.1), both using molecular oxygen. It is 
copper-containing monooxygenase catalyzing both o-hydroxylation of monophenol and the 
oxidation of o-diphenol to o-quinones. 

Copper ions in the (I) and (II) oxidation states are biologically important. Basically, three 
different types of copper centre are shown. 'Blue’ of type I copper occurs in the blue electron 
carrying proteins such as stellacyanin, plastocyanin and azurin. There is also 'non-blue’ or 
type II copper and a type III copper centre that is 'non-detectable’ by EPR, apparently 
containing a pair of contiguous copper atoms. Tyrosinase is a type III protein that is not 
detected EPR because of antiferromagnetism of a pair of copper in it [137]. 

Our previous paper (138) described the unique process of activation of intracellular 
protyrosinase from A. oryzae by acidifying treatment at pH 3.0 and conformational 
differences between protyrosinase and tyrosinase. The molecular mass values of the 
protyrosinase purified by the previous paper (138) were 280,000 by HPLC gel with Shodex 
WS-803F and 67,000 by SDS-PAGE, respectively. The protyrosinase was found to contain 2 
mols of copper per mol of the subunits with the molecular mass of 67,000. It was shown that 
the protyrosinase was a tetrameric enzyme with identical subunits. NH 2 -Terminal sequence 
analysis indicated the NH 2 -terminus of protyrosinase was blocked. Our Western blots showed 
that the molecular mass of the tyrosinase activated with acidifying treatment at pH 3.0 was 
67,000 by SDS-PAGE with or without 2-mercaptoethanol. These results assumed that 
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protyrosinase and tyrosinase have different conformation, different stabilities and some 
different properties. 

The coding region of the protyrosinase gene, melO , from Aspergillus oryzae occupies 
1671 base pairs of the genomic DNA and is separated into two exons by one intron [139. The 
full-length cDNA of the melO gene was cloned. Analysis of the 1671 base pairs nucleotide 
sequence revealed a single open reading frame coding 539 amino acid residues. The cDNA 
has been expressed in yeast cells. The predicted protein product derived from the melO gene 
is identified by Western blotting and activity determination. The predicted amino acid 
sequence of the gene product was compared with that of Neurospora crass a tyrosinase [140]. 
A coupled pair of three histidine residues in the tyrosinase was assumed to correcspond to 
Cu(II) ligands in the homologous tyrosinase from Streptomyces glaucescens [141, 142] and 
Homo sapiens [143]. A coupled pair of three histidine residues (His-63, His-84 and His-93 
for Cu(A)); His-290, His-294 and His-333 for Cu(B) of the protyrosinase from A oryzae was 
assumed. A covalent -Cys82-Xaa-His84- may be important for the enzymatic activity as 
described for the thioether bridge, Cys94-Xaa-His96-, of N. crassa tyrosinase [144]. The 
predicted amino acid sequence of the melO gene product has 17% and 15% homologous with 
those from TV. crassa [144] and Homo sapiens [143], respectively. 

The expression product of pG3TY was also isolated by PAGE at pH 9.4 gel [139]. The 
activity band of tyrosinase was stained with dihydroxy-L-phenylalanine (l-DOPA) after 
acidifying at pH 3. Tyrosinase activity of the pG3YT product was determined to be 0.018 
nkat/kg protein. Without acidifying treatment at pH 3.0, no tyrosinase activity was observed. 
It can be concluded that the expression product of the melO gene is the protyrosinase of A. 
oryzae. 


8.2. Copper Ligands of Tyrosinase from A. Oryzae 

Copper ligands of the recombinant tyrosinase from A. oryzae expressed in 
Saccharomyces cerevisiae or Escherichia coli were identified by site-directed mutagenesis 
[145]. 

From a crystallographic analysis of Palinurus interruptus haemocyanin [146], one of the 
pair of copper ions, Cu(A), is surrounded by residues 196, 200 and 226; the other, Cu(B), is 
surrounded by residues 346, 350 and 386. Mutation positions were selected on the basis of a 
sequence comparison of the tyrosinase from A. oryzae [145] with the other tyrosinases from 
N. crassa [144], S. antibioticus [147] and H. sapiens [143]. For the cysteine residue it is also 
assumed that a covalent Cys82-Xaa-His84 might be important for enzymatic activity, as 
described for the thioether bridge between Cys94 and His96 in the Cys94-Xaa-His96 peptide 
of N. crassa tyrosinase (144). Mutations were focused at positions of 18 histidine residues 
(His63, His76, His83, His84, His93, Hisl93, His266, His290, His294, His332, His333, 
His347, His462, His479, His489, His510, His518 and His520) and two cysteine residues 
(Cys82 and Cys334). 
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Figure 35. Western blot analyses of the wild type and activated tyrosinases from A. oryzae expressed in 
S. cerevisiae. 


Table 22. Relative activities of wild-type and mutant tyrosinases from A. oryzae 
expressed in S. cerevisiae for the monooxygenase with L-tyrosine, and oxidase activity 

with l-DOPA at pH 5.5 


Mutant 

tyrosinase 

Relative activity (%) 

Monooxygenase 
with L-tyrosine 

Oxidase 

with L-DOPA 

Wild type 

100 

100 

His63Asn 

0 

0 

His76Asn 

120 

147 

His83Asn 

122 

109 

His84Asn 

0 

0 

His93Asn 

0 

0 

Hisl93Asn 

0 

38 

His266Asn 

132 

105 

His290Asn 

0 

0 

His294Asn 

0 

0 

His332Asn 

0 

0 

His333Asn 

0 

0 

His347Asn 

82 

89 

His462Asn 

8 

16 

His479Asn 

3 

21 

His489Asn 

7 

25 

His510Asn 

141 

104 

His518Asn 

10 

63 

His520Asn 

29 

53 

Cys82Ala 

0 

0 

Cys33Ala 

79 

72 


(Nakamura, M., et al., Biochem. J., 350, 537-545 (2000)). 
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A Western blot analysis of the mutant products of the melO gene expressed in S. 
cerevisiae showed proteins with molecular masses of approx. 67 kDa that reacted with rabbit 
anti-(A oryzae protyrosinase) serum, which is consistent with the apparent molecular mass of 
the native proenzyme, as shown in Figure 35. The activities of activated tyrosinases of the 
mutant enzymes from A. oryzae after acid shock are summarized in Table 22. A number of 
the mutant enzymes (His63Asn, His84Asn, His93Asn, His290Asn, His294Asn, His332Asn, 
His333Asn and Cys82Ala) had no detectable activity, indicating that the mutated residues are 
essential for activity. A second group of mutant enzymes (His76Asn, His83Asn, Hisl93Asn, 
His266Asn, His347Asn, His462Asn, His479Asn, His489Asn, His510Asn, His518Asn, 
His520Asn and Cys334Ala) retained full or partial activity. However, one single-residue 
mutant, Hisl93Asn, exhibited complete destruction of the catalytic activity of mono¬ 
oxygenase for L-tyrosine and a partial destruction of oxidase for l-DOPA. It is assumed that 
the His 193 residue might be a binding site of the enzyme for the aromatic substrate L- 
tyrosine. 

We succeeded in overproducing the recombinant protyrosinase from A. oryzaQ as a 
thioredoxin fusion protein in E. coli. The protyrosinases were accumulated as a soluble 
fraction in these cells. The expressed recombinant fusion protyrosinases have no copper ions. 
As described for the purification of the recombinant protyrosinase in the Experimental section 
in the ref. (145), the recombinant protyrosinases were added to make a final concentration of 
10 pM Q 1 SO 4 and the mixture was incubated at 4°C for 14 h; the binding of copper ions to 
the active sites of protyrosinase was then performed. In our simplified purification method, 
the protyrosinases were purified with a single step of Chelating Sepharose FF, which trapped 
the histidine tag in the anchor region to the C-terminal end of thioredoxin. The wild-type 
protyrosinase was purified 102-fold over the crude extract. Approximately 20 mg of wild- 
type protyrosinase was obtained from 1 liter of the culture of E. coli ; the yield of 
protyrosinase was 53% for a single-step purification. 

Activation of the fusion protyrosinases expressed in E. coli was accomplished by acid 
shock at pH 3.0 for 20 min. The engineered thioredoxin-fusion tyrosinases expressed in E. 
coli were revealed after SDS-PAGE (Figure 36). The molecular masses of the subunits of 
activated tyrosinases after acid shock were determined as 83 kDa on SDS-PAGE. Gel 
filtration of the activated tyrosinase on a Superose 8 column gave an estimated molecular 
mass of 330 kDa. The results suggested that the activated tyrosinase was composed of four 
identical subunits, each with a molecular mass of 83 kDa. 

The NH 2 -terminal amino acid sequence of the activated wild-type tyrosinase precipitated 
with 5% (w/v) trichloroacetic acid was SDKIHLTDD (single-letter amino acid codes), which 
is known to be the NH 2 -terminal sequence of thioredoxin including the 10 residues from the 
Ser2 to Aspll. Although the initiating methinine residue was encoded in the construct, it 
seems to have disappeared after cleavage of the protein. 

The specific activity of the activated wild-type tyrosinase towards L-tyrosine mono¬ 
oxygenation, as determined by the HPLC method, was 1.69 katal/ kg of protein. A K m of 0.82 
mM and a k cat of 23.6 s " 1 for L-tyrosine mono-oxygenation were calculated from Hanes-Woolf 
plots. 

An atomic absorption spectrophotometric determination of copper contents of the 
activated site-directed mutant tyrosinases His63Asn, His84Asn, His93Asn, His290Asn, 
His294Asn, His332Asn, His333Asn, expressed in E. coli , demonstrated the loss of binding of 
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1 mol of copper per mol of subunit as a consequence of the mutagenesis of histidine residues 
(Table 23). 



Figure 36. SDS-PAGE of purified wild-type and mutant thioredoxin-fused tyrosinases from A. oryzae 
expressed in E. coli. 


The activation of protyrosinase expressed in E. coli was accomplished by incubation with 
an acidic buffer at ph 3.0 for 20 min. The copper contents of wild-type and mutant 
protyrosinases are shown in parentheses; the values without parentheses show the copper 
content of wild-type and mutant tyrosinase after acid activation. Abbreviation: PCMB, p- 
chloromercuribenzoate. 

The copper content of the mutant tyrosinase Cys82Ala was also determined as 1 mol per 
mol of subunit. The copper content of the activated tyrosinase was somewhat lower than that 
of the protyrosinase (Table 23). Some of the single copper ions might have been removed 
from the mutant tyrosinases by the acid shock at pH 3.0. As expected from melanin 
formation, the eight mutant tyrosinases were devoid of any enzymatic activity after acid 
shock at pH 3.0. An almost complete loss of the copper content was determined by atomic 
absorption spectrophotometry for seven double mutants, His63Asn/His290Asn, 
His63Asn/His294Asn, His63Asn/His332Asn, His63Asn/His333Asn, Cys82Ala/His290Asn, 
His84Asn/His290Asn and His93Asn/His290Asn. 

The contents of secondary structures (a-helix, P-structure and random coil of mutant 
enzymes) by CD spectrophotometry are shown in Table 24. The results for major global 
changes indicate that the increases in the content of a-helix were 4.4% for His63Asn, 3.3% 
for His93Asn, 3.3% for His290Asn and 4.2% for His333Asn compared with that of the 
control of the wild-type enzyme, and the decreases in the content were 4% for Cys82Ala, 
2.4% for His84Asn and 2.3% for His294Asn. The results also indicated that the increases in 
the amount of p-structure were 3.4% for His84Asn and 7.3% for His93Asn; decrease in p- 
structure of 5.1% for His63Asn, 4.2% for His290Asn and 8.2% for His294Asn were also 
identified. Despite this, the results for a-helices and P-structures of the mutant enzyme 
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His84Asn and His332Asn indicated that no substantial changes in the secondary structure 
occurred. 


Table 23. Atomic absorption spectrophotometric determination of copper content for 
wild-type and mutant tyrosinases from A. oryzae expressed in E. coli 


Mutant tyrosinase Copper content (mole/mol subunit) 


Acid activated tyrosinase Protyrosinase 


Wild type 

1.7 

(1.9) 

Wild type after treatment with PCMB 

0.02* 

(1-6)* 

His63Asn 

0.2 

(0.9) 

Cys82Ala 

0.4 

(0-6) 

His84Asn 

0.2 

(0.7) 

His93Asn 

0.9 

(1.0) 

His290Asn 

0.2 

(0.6) 

His294Asn 

0.3 

(0.8) 

His332Asn 

0.4 

(0.4) 

His333Asn 

0.7 

(0.8) 

His63Asn/His290Asn 

0.01 

(0.01) 

His63Asn/His294Asn 

0 

(0.05) 

His63Asn/His332Asn 

0.03 

(0.03) 

His63Asn/His333Asn 

0.03 

(0.08) 

Cys82Ala/His290Asn 

0.05 

(0.07) 

His84Asn/His290Asn 

0.01 

(0.03) 

His93Asn/His290Asn 

0.01 

(0.05) 

Apoenzyme 

0.01 

(0.02) 


* After treatment with 0.1 mM PCMB at pH 3.5, activated tyrosinase was dialysed 
against 5 mM sodium acetate buffer, pH 3.5. 

+After treatment with 0.1 mM PCMB at pH 7.0, protyrosinase was dialysed against 
5 mM phosphate buffer, pH 7.0. 

(Nakamura, M., et al., Biochem. J., 350, 537-545 (2000)) 

The value of EPR spectroscopy in establishing electronic structures and their dependence 
on metal co-ordination-sphere composition and geometry can be illustrated by its application 
to several aspects of copper bio-inorganic chemistry [137]. In the wild-type tyrosinase from 
A. oryzae , the third type of copper (Type III) is silent towards EPR because of 
antiferromagnetic exchange coupling and/or rapid electron-spin relaxation between two 
neighbouring Cu(II) centres (Figure 37 and Table 25). The EPR spectra of the five mutant 
tyrosinases His63Asn, His93Asn, His290Asn, His294Asn and Cys82Ala are shown in Figure 
37. Some of their EPR properties of copper, the anisotropic perpendicular and parallel g- 
values (g± and g\\) of copper, and the hyperfme coupling constant parallel, Cu A\\ , of the six 
mutants are shown in Table 25 and compared with that of the wild-type tyrosinase. 
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Table 24. Estimated secondary structure for CD determination of the activated 
tyrosinases from A. oryzae after acid shock at pH 3.0 


Secondary structure (%) 

Enzyme 

Variant a-Helix (3-Structure Random 


Activated tyrosinase 

Wild type 

25.7 

41.7 

32.6 


His63Asn 

30.1 

36.6 

33.3 


Cys82Ala 

21.7 

43.0 

35.3 


His84Asn 

23.3 

45.1 

31.6 


His93Asn 

29.0 

49.0 

31.1 


His290Asn 

29.0 

37.5 

33.5 


His294Asn 

23.4 

33.5 

33.0 


His332Asn 

24.7 

43.0 

32.3 


His333Asn 

29.9 

39.1 

30.9 

Protyrosinase 

Wild type 

26.7 

41.1 

32.2 


(Nakamura, M., et al., Biochem. J., 350 , 537-545 (2000)) 

These results clearly indicate that the five mutants (His63Asn, Cys82Ala, His93Asn, 
His290Asn and His294Asn) in which the signal copper site is empty contain only 1 mol of 
copper per mol of subunit of tyrosinase. This information might be valuable in deducing the 
locations of sites of reactivity on bound substrate molecules. They have a more or less axially 
symmetrical appearance with the parameters given. The values are very similar for the five 
mutant tyrosinases, suggesting that the remaining copper is in a similar ligand environment. 

In a detailed analysis of copper ligand geometry, the correlations between g\\ of copper(II) 
complexes and Cu A\\ arising from various factors have been given for copper(II) complexes. 
The authors noted that a reported complex with a thioether donor at the apex of a square 
pyramid whose base was the donor set N 2 O 2 has g\\ = 2.240 and A\\ = 0.0178 cm' 1 , which 
placed this complex in the normal square-planar CuN 2 0 2 region. Tetrahedral distortion of a 
square-planar chromatophore with any of the biomimetic (N, O, S) donors decreased A\\ and 
increased g\\, lowering the (g\\, A\\) point for that CuX 4 core. From the geometrical analysis if 
EPR by Sakaguchi and Addison (147), we deduced that the nitrogen or sulphur donors in the 
Cu(B) or Cu(A) ligand geometry of the three mutants His63Asn, Cys82Ala and His294Asn 
should be on a square-tetrahedral geometry and also that the nitrogen or sulphur donors in the 
Cu(B) or Cu(A) of the two mutants His93Asn and His290Asn should be on a distorted 
tetrahedral geometry, as shown in Table 25. 

We deduced the copper ligand geometry environment from the correlation between g\\ 
and A\\ values reported previously (147). Abbreviation: n.d, not determined, because the 
preparations were partly insoluble at high concentration. 
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Figure 37. EPR spectra of the wild-type and mutant tyrosinases from A. oryzae expressed in E. coli. 

Table 25. Parameters of EPR spectra for wild-type and mutant tyrosinases from A. 

oryzae expressed in E. coli 

EPR spectra obtained 


Enzyme g± g| A\\ (10" 4 • cm" 1 ) Copper ligand geometry 


Wild type 

EPR silent EPR silent EPR silent 

His63Asn 

2.06 

2.256 

185 

Square tetrahedral 

Cys82Ala 

2.07 

2.253 

190 

Square tetrahedral 

His 84Asn 

n.d. 

n.d. 

n.d. 


His93Asn 

2.06 

2.301 

152 

Distorted tetrahedral 

His290Asn 

2.08 

2.301 

150 

Distorted tetrahedral 

His294Asn 

2.06 

2.251 

190 

Square tetrahedral 


(Nakamura, M., et al., Biochem. J., 350 , 537-545 (2000)) 
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The EPR spectra of two mutants, His62Asn and Hisl89Asn, of S. glaucescence were 
measured by Huber and Lerch [142]. The mutants had a more or less axially symmetrical 
appearance by these parameters. The values were similar for both materials, suggesting that 
the remaining copper atom was in a very similar ligand environment. They noted that the 
amide nitrogen group was not a good ligand for either Cu(I) or Cu(II). Both mutants of S. 
glaucescens showed dramatically changed physicochemical properties: [1] no enzymatic 
activity, [2] no reaction with H 2 O 2 and [3] only one copper atom bound per molecule. The 
fact that most of this copper was detectable by EPR confirmed that one copper atom from 
either the Cu(A) site (Asn62) or Cu(B) site (Asnl89) had been selectively removed. From the 
g || and A\\ values and the energies of the d-d transition, the copper in both mutants could be 
defined as being in a slightly distorted tetragonal ligand environment. Applying the 
correlation between A\! g\\ , ligand type and geometry in copper complexes, possible copper 
ligands in S. glaucescense were either three nitrogen atoms and one oxygen atom or two 
nitrogen atoms and two oxygen atoms. 

Spitz et al. (148) described the Cu(B) motif of all hnown tyrosinases and polyphenol 
oxidases as differing from those of hemocyanin in that they contain four rather than three 
absolutely conserved histidine residues; in human tyrosinase these occur at His363, His367, 
His389 and His390. His363 and His367 are clearly similar to the copper-binding histidine 
residues of the hemocyanin Cu(B) motif. The His390Ala mutant abolished catalytic activity 
did not decrease copper binding, whereas the His389 substitution abolished it. These results 
indicate that it is His389, rather than His390, that has a critical role in copper binding by 
human tyrosinase, even though it is His390 that has been conserved in all of the putative 
copper-binding positions. 

On the basis of the study of Neurospora tyrosinase with a molecular mass of 46 kDa 
including 2 mol of copper per mol [140, 149], it is conceivable that the activation of 
protyrosinase takes place by the active conformation of the thioether linkage between Cys94 
and His96 [144]. However, the absence of a similar structure in the tyrosinase from S. 
antibioticus [150] makes such a function rather unlikely. After dye-sensitized photo-oxidation 
of the apoenzyme of Neurospora tyrosinase, three histidine residues (His 188, His 193 and His 
289) were destroyed [149]. Copper measurements of photo-oxidized, reconstituted 
apoenzyme demonstrated the loss of binding of one mol of copper per mol of enzyme as a 
concequence of the photo-oxidation of histidine residues [149]. Lerch suggested that the three 
histidine residues destroyed might be ligands of one of the two active-site copper ions; 
His306 of Neurospora tyrosinase was indicated as an active site by active-site-directed 
modification with cathecol [149]. His306 of Neurospora tyrosinase is an essential residue and 
corresponds to the active His333 of the tyrosinase from A. oryzae. His 193 of A. oryzae 
tyrosinase, corresponding to the photo-inactivated His 188 of N crassa tyrosinase, might not 
be an essential residue but a binding one for catalysis in the A. oryzae enzyme. 

For Cu(A), we confirmed that three histidine residues, His63, His84 and His93, are 
essential residues of the tyrosinase from A.oryzae as determined by site-directed mutagenesis 
(145). In this report we also found that Cys82 is an essential residue for the catalytic activity 
of the tyrosinase activated at pH 3.0. A. oryzae tyrosinase was inhibited completely by p- 
chloromercuribenzoate. The most likely binding sites of the tyrosinase from A. oryzae for 
Cu(A) are His63, His84 and His93, with the remaining conserved Cys82 providing the fourth 
ligand. We confirmed by atomic absorption spectrophotometry for copper incorporation that 
Cu(A) is liganded by three histidine residues (His63, His84 and His93) and one cysteine 
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residue (Cys82). Confirmation was obtained that the two mutants His290Asn and His294Asn 
contain one copper ion that is fully detectable by EPR (Figure 37 and Table 25). We deduced 
that the nitrogen or sulphur donors in the copper-ligand geometry of His290Asn and 
His294Asn should be in a square tetrahedral geometry and a distorted tetrahedral geometry 
respectively. The results of atomic absorption spectrophotometric determination on the 
double mutant Cys82Ala/His290Asn confirmed that there was no copper atom. We propose a 
new binding motif of Cu(A) of tyrosinase from A. oryzae in which the Cu(A) ion is co¬ 
ordinated by three histidine side chains, His63, His84 and His93, and a single thiol group of 
Cys82. 

In Aspergillus tyrosinase, His290, His294 and His333 are clearly similar to the copper¬ 
binding histidine residues of the haemocyanin Cu(B) motif. The His332Ala mutant abolished 
catalytic activity and decreased copper binding. These results indicate that His332 has a 
critical role in copper binding by Aspergillus tyrosinase. We confirmed that three histidine 
residues, His290, His284 and His333 for Cu(B), are essential residues for catalytic activity 
and copper ligands of the activated tyrosinase from A. oryzae. Furthermore, it was found in 
the study that the His332 residue is also an essential site of the tyrosinase from A oryzae. We 
also confirmed that the His63Asn, Cys82Ala and His93Asn mutants contain one copper ion 
that is fully detectable by EPR (Figure 37 and Table 25). We confirmed that the double 
mutant His63Asn/His332Asn contains almost no copper ions (Table 23). We deduced that the 
nitrogen donors in the His63Asn and Cys82Ala mutant should have a square-tetrahedral 
geometry, and those in the mutant His93Asn should have a distorted tetrahedral geometry. 
Atomic absorption spectrophotometric results on the double mutant His63Asn/His332Asn 
showed no copper atom. 

The imidazole-bridge dimetallic centre in copper-zinc superoxide dismutase (EC 
1.15.1.1) was a novel structural feature that had not previously been encountered in co¬ 
ordination chemistry [151]. The Cu(II) ion is co-ordinated by four histidine side chains, 
His44, His46, Hisl 18 and His61, and there is evidence for a fifth axial water ligand. 

This is the first paper to determine the essential seven histidine residues, His63, His84, 
His93, His290, His294, His332 and His333, and the single cysteine residue, Cys82, for 
tyrosinase from A. oryzae. It is concluded that one pair of copper ions, Cu(A), is liganded by 
three histidine residues, His63, His84 and His93, and a single cysteine residue, Cys82, 
whereas the other, Cu(B), is liganded by four histidine residues, His290, His294, His332 and 
His333. 


8.3 Homo-Tetrameric Protyrosinase is Converted to Active Dimers with an 
Essential Intersubunit Disulfide Bond at Acidic Ph 

The quaternary structure of tyrosinase differs depending on the species. The tyrosinase 
can be found in either latent or active form, and the activating conditions differ depending on 
the species. Tyrosinase from the mushroom Agaricus bisporus is a heterotetramer that is 
compound of two subunits of 43 kDa (H) and two subunits of 13 kDa (L), with a native 
molecular mass of 111 kDa, and contains four copper atoms [152, 153]. The isolated subunits 
do not possess the enzymatic activity. Activation of the mushroom pro-tyrosinase can be 
effected by protease treatment [154] or by SDS [155]. Mushroom has an isozyme of 
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tyrosinase which is a monomer of 43 kDa, and also possesses catecholase and cresolase 
activity [152]. 

In the case of the filamentous fungus Neurospora crassa , tyrosinase is thought to be a 46 
kDa monomer with full activity that is formed upon proteolytic processing of a 75 kDa 
precursor [140]. Streptomyces tyrosinase is a monomer of 31 kDa with enzymatic activity 
[141, 142]. Tyrosinase from Homo sapiens melanoma cell is a monomer of 53 kDa that has 
enzymatic activity [156. Xenopus laevis tyrosinase is activated by anionic detergents such as 
SDS (157). Protyrosinase from epidermis of the frog Rana esculenta ridibunda can be 
activated in vitro by several proteinases (trypsin, alpha-chymotrypsin, Pronase) and by light 
(158). Furthermore, the protyrosinase and tyrosinase have different quaternary structures: it 
was appeared that the dimeric structure of the protyrosinase was converted to a tetramer after 
the activation by trypsin. 

Aspergillus oryzae protyrosinase (pro-TY) is a homotetramer composed of 60 kDa 
subunits containing 2 mol of copper per mol of subunit [139]. The proenzyme is inactive at 
neutral pH, and is activated under conditions of acidic pH [138]. The acid activation is quite 
unique mechanism for activation of a protyrosinase. To investigate the mechanism of acid 
activation, and the conformational change following the shift of pH and interactions between 
the subunits were examined (159). 

The acid activation of protyrosinase from A. oryzae was most potent at pH 3.0, and the 
activity was increased logarithmically with increasing acid activation time, with a rate 
constant of 1.5 x 10' 3 /s. Anionic detergent (0.01% SDS) slightly activated the protyrosinase. 
The specific activity of the SDS-activated tyrosinase was 19% compared with that of the acid- 
activated tyrosinase (acid-TY). The protyrosinase was not activated by the other reagent 
tested, including, Tween 20 (0.001-0.1%), urea (0.5-2.0 M), NaCl (0.1-2.0 M), acetonitrils (5- 
20%), ethanol (5-20%), and protease (trypsin and chymotrypsin). 

It is thought that polar interactions are disrupted by protonation at acidic pH or by an 
anionic detergent, SDS. Ionic bonds and/or hydrogen bonds are appeared to be involved in the 
interaction between the dimers. A non-ionic detergent, Tween 20, did not activate the 
protyrosinase, indicating that the contribution of hydrophobic interaction in the dimer-dimer 
interface was minor. The possibility of processing by a contaminated acid protease was ruled 
out on SDS-PAGE analysis of the acid-activated tyrosinase, because the band did not shift to 
lower molecular mass (Figure 38). It is suggested that the protyrosinase is not cleaved for 
activation in acid treatment. Atomic absorption spectroscopy showed that the protyrosinase 
and acid-activated tyrosinase contained 2.0 and zero mol of copper per mol of subunit, 
respectively, after the treatment with EDTA. These results indicate that a conformational 
change causes exposure of the binuclear copper active center. 

The relative molecular mass of both protyrosinase and acid-activated tyrosinase was 60 
kDa, as shown by SDS-PAGE (Figure 38). This was agreement with the calculated molecular 
mass, 60,604, of the protyrosinase. The protyrosinase and acid-activated tyrosinase did not 
migrate in the polyacrylamide gel in the absence of the reducing agent because of thiol- 
disulfide interchange reactions that occur between the SDS-denatured proteins. The native 
molecular masses of the protyrosinase and acid-activated tyrosinase were 266 and 165 kDa, 
respectively, as estimated by gel-filtration chromatography (Figure 39, Table 26) [159]. The 
protyrosinase was judged to be a tetramer with a calculated molecular mass of 242,416. It is 
assumed that the quaternary structure of the acid-activated tyrosinase was increased because 
of partial unfolding caused by acidic pH. The molecular mass of the protyrosinase under 
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reducing conditions was 68 kDa, indicating that the quaternary structure was monomeric. Our 
data suggest that the intersubunit polar interaction is disrupted at pH 3.0, and the tetrameric 
protyrosinase dissociates to dimmers. The binuclear copper of the native center is then 
exposed. 
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Figure 38. SDS-PAGE analysis of the acid-activated tyrosinase (acid-TY) showing the time course of 
acid activation at pH 3.0. 

The CD spectra in the far-UV region revealed that the pro-tyrosinase and acid-activated 
tyrosinase had similar secondary structures (Figure 40). On the other hands, the CD signal of 
acid-activated tyrosinase in the range of 280-290 nm, indicating that the tertiary and/or 
quaternary structure of the protyrosinase was changed by acid-treatment. On the basis of these 
results, we deduce that the intersubunit polar interaction is disrupted at pH 3.0, and that the 
tetrameric protyrosinase dissociates to dimmers. 

To detect possible conformational changes caused by acid activation, tryptophan 
fluorescence spectra were measures. When excited 295 nm, the emission spectrum of the 
protyrosinase exhibited as average emission wavelength of 339 nm. By comparison, in the 
spectrum of the acid-activated tyrosinase, the emission intensity was decreased by 62%, and 
there was a red shift of the average emission wavelength to 346 nm (Figure 41). These results 
indicate that tryptophan residues are brought into a polar environment by acid activation. 
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Figure 39. Estimation of molecular mass of the protyrosinase (pro-TY) and acid-activated tyrosinase 
(acid-TY) by gel filtration chromatography. 

Table 26. Specific activity and molecular mass under various conditions of 
protyrosinase and acid-activated tyrosinase from A. oryzae 


Condition Molecular mass Quaternary Specific activity 
(kDa) structure 

(katal/kg) (%) 


Protyrosinase 

Acid-activated 

266 

Tetramer 

ND 


tyrosinase 

165 

Dimer 

1.2 

100 

Reduced 

68 a 

Monomer 

— 

— 

Oligo-C108A 

380 

Oligomer 

0.016 

1.3 

Mono-C108A 

68 

Monomer 

ND 

— 


ND, not detected. 

aGelfiltration chromatography under reducing conditions was performed in the 
presence of 2% (3-mercaptoethanol at pH 7.0. 

(Tatara, Y., et al., Pigment Cell Melanoma Res., 21, 89-96 (2008)) 

8-Anilino-l-naphathalene sulfonic acid (ANS) is a sensitive hydrophobic patch probe 
[160]. The protyrosinase did not bind ANS, whereas the acid-activated tyrosinase did bind 
ANS by an increase of the fluorescence intensity (Figure 42). These results reveal that the 
















254 


Eiji Ichishima 


acid activation exposes hydrophobic surface to the solvent. The dissociation of the tetrameric 
protyrosinase is followed by the exposure of the binuclear copper active center and 
hydrophobic amino acids. 

The protyrosinase from A oryzae has eight cysteine residues [139]. Cys-82 is proposed to 
be involved in the ligation of CuA in the active center [145] or is covalently linked via a 
thioether bridge to His84 by analogy to Neurospora crass a [144] and the crystal structure of 
sweet potato catechol oxidase [161]. At least one cysteine contains a free thiol group or forms 
an intermolecular disulfide bond in the protyrosinase from A. oryzae. The quaternary structure 
of protyrosinase under reducing conditions was monomeric (Table 26). This suggested the 
possibility that an intermolecular disulfide bond can be formed between the subunits. 




Figure 40. Comparison of CD spectra of the pro-tyrosinase (pro-TY) and acid activated-tyrosinase 
(acid-TY). 

To detect the cysteine residues involved in the intermolecular disulfide bond, free thiol 
groups were labeled with a fluorogenic reagent, 4-fhioro-7-sulfamoylbenzofurazan (ABD-F) 
[162] in the presence of a stepwise addition of reducing agent. It was likely that Cysl08 
found an intermolecular disulfide bond between the subunits of dimeric acid-TY (Figure 43). 
The dimerization of acid-activated tyrosinase involving the intermolecular disulfide bond is 
essential for the activity [159]. 
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Figure 41. Tryptophan fluorescence spectra of the protyrosinase (pro-TY) (—) and acid- activated 
tyrosinase (acid-TY) (—). 



Figure 42. 8-Anilino-l-naphthalene sulfonic acid (ANS) binding assay of the protyrosinase (pro-TY, —) 
and acid-activated tyrosinase (acid TY, —). 

The purified Cl08A migrated as a 60 kDa band on SDS-PAGE gel. The Cl08A mutant 
was eluted with gel-filtration chromatography to investigate the quaternary structure. Two 
types of molecular mass were appeared as a result of the chromatography (Table 26). One 
was 68 kDa and the other was 380 kDa. The former was suggested to be a monomer (mono- 
C108A) and the latter was an oligomer (oligo-C108A). The mono-C108A was enzymatically 
inactive, whereas the oligo-C108A exhibited the activity of 1.3% relative to that of the wild 
type of enzyme. It is thought that the lack of the intersubunit disulfide bond causes a failure to 
form an oligomeric structure of mono-C108A. Disulfide bonds formed by the other cysteines 
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(Cysl74, Cysl82, Cys242, Cys234, Cys483, and Cys486) or some interaction may lead to the 
formation of the oligomeric structure of oligo-C108A. It was suggested that the oligomeric 
structure is essential for the activity. Cysl08 contributes to the oligomerization of the enzyme 
and hence is important for the activity of the dimeric acid-activated tyrosinase. 




Time (min) 


Figure 43. Reverse-phase HPLC of trypsin-degraded protyrosinase (pro-TY) in the absebce (0 mM 
DTT, upper panel)) and presence (1 mM DTT, lower panel) of reducing agent. 


It is considered that A. oryzae tyrosinase forms the inactive tetrameric conformation to 
regulate the activity. A. oryzae produces many kinds of secondary metabolites, organic acid, 
kojic acid, and citrate, etc. [163]. When a cell is injured, protyrosinase is activated by 
extracellular acidic environment to produce melanin, which defends the interior of the cell 
against the acidic environment. It is considered that the acid activation is an instantaneous 
response to an acid stress. The acid activation is a quite unique mechanism, in which the 
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tetrameric proenzyme is activated by dissociation to dimmers resulting from the acid-shift of 
pH. 

The acid-activated tyrosinase remains in the dimeric form via an intersubunit disulfide 
bond, which is probably formed between the Cysl08 residues. The dimerization of the acid- 
activated tyrosinase is essential for the activity of tyrosinase from A oryzae. 

In this connection, we have cloned a novel tyrosinase-encoding gene ( melB ) specifically 
expressed in solid-state culture (Koji making) of A oryzae [164]. Molecular cloning showed 
that the gene carried out six exons interrupted by five introns and had an open reading frame 
encoding 616 amino acid residues. The sequence homology between MelB tyrosinase and 
MelO tyrosinase was unexpectedly low (24%). These tyrosinases have low similarity with 
each others, however, the sequences of copper binding domains were highly conserved in 
these tyrosinases. A novel copper ligand motif has been conserved for A. oryzae MelB 
tyrosinase, i.e., the ligands are His67, His94, Hisl03, and Cys92 for CuA, and His308, 
His312, His351, and His352 for Cu(B). The active center of MelB tyrosinase was assumed to 
correspond to Cu(II) ligands in the homologous tyrosinase MelO [His63, His84, His93, and 
Cys82 for Cu(A), and His290, His294, His332,and His333 for Cu(B)] [145]. When the melB 
gene was expressed under the control of the melB promoter in solid-state culture, tyrosinase 
activity was markedly enhanced and the culture mass was brown with the melanization by 
MelB tyrosinase. These results indicated that the melB gene encodes a novel tyrosinase 
associated with melanization in solid-culture of A oryzae [164]. 


9. Hyper Production System of Aspergillus Oryzae 
Glucoamylase in Submerged Culture under Tyrosinase- 
Encoding Gene ( Melo ) Promoter Control 

9.1. Glucoamylase from A Oryzae 

Glucoamylase (a-l,4-glucan glucanohydrolase, EC 3.2.1.3) derived from filamentous 
fungus A. oryzae strains is used in manufacture the Japanese alcoholic beverages 'Sake’ (rice 
wine) and 'Shochu’ (distilled rice wine), and soy sauce. A. oryzae produces large quantities of 
a glucoamylase in solid-state culture (Koji) [165], but the productivity in submerged culture is 
much lower [166]. This is because the A. oryzae glucoamylase encoding gene, glaB , is highly 
expressed in solid-state culture but repressed in submerged culture [167]. 

In solid-state culture (Koji-making) during Sake brewing, A. oryzae strains that produce 
abundant glucoamylase also produce a lot of tyrosinase, which catalyzes both the o- 
hydroxylation of phenols and the oxidation of diphenols to quinones followed by 
spontaneously polymerization of the quinones to melanins [I38]resulting in the production of 
an unfavorable black sake cake called ' Kurokasu ’ whose color is dependent on melanin. This 
led to the hypothesis that A. oryzae glaB and the tyrosinase-encoding gene ( melO ) are subject 
to the same reguration in solid-state culture [139]. 

To test this hypothesis, expression of the glaB and melO genes was compared in a p- 
glucuronidase (GUS) reporter assay. Regulation of melO , however, was completely different 
from that of glaB. The melO promoter was repressed in solid-state culture, but more highly 
expressed in submerged culture than were A. oryzae amyB [168], glaA [169], and modified 
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agdA [170], promoter frequently used in A oryzae heterologous gene expressin system. This 
finding encouraged us to the melO gene promoter to establish a novel expression system in A. 
oryzae. [171]. 


9.2. Hyper Production System of Glucoamylase Under Melo Gene Promoter 
Control 

UV-mediated mutagenesis generated a high glucoamylase-prodducing mutant (OSI 1117) 
of A. oryzae exhibiting strong melanization in a solid-state culture. The mutant produced 1.8- 
fold more glucoamylase and 1.3-fold more tyrosinase than the parent strain and showed 
higher melanization, indicating that the improvement of glucoamylase production in solid- 
state culture through UV-mediated mutagenesis simultaneously leads to higher tyrosinase 
production and melanization. 

Expression of the glucoamylase-encoding gene ( glaB ), which is specifically expressed in 
solid-state culture, and the tyosinase-encoding gene ( melO ), was analyzed using an E. coli p- 
glucuronidase (GUS) reporter-assay to investigate this phenomenon. Although no common 
regulation was found for melO and glaB expression, the former was greatly enhanced in 
submerged culture. Intrestingly, the melO gene promoter was about four times stronger for p- 
glucuronidase production than the powerful promoter amyB , glaA , and modified agdA , 
previously isolated for industrial heterologous gene expression in A. oryzae. 

These findings indicated that the melO gene promoter would be suitable for hyper¬ 
production of heterologous protein in Aspergillus. Thus glaB- type glucoamylase as the target 
protein was produced in a submerged culture of A. oryzae under the control of the melO gene 
promoter. Figure 44 shows the purities of both culture broths analyzed by SDS-PAGE after 
10 days of culture [171]. Many impurities are present in the culture broth of dextran-yeast 
extract-peptone (DPY) medium (Figure 44, Left), whereas only glucoamylase (glaB- type) is 
present in the standard cultural broth (Figure 44, Right). The maximum yield was 0.8 g/1 
broth, and the total extracellular protein purity was 99%. 

Although, the melO expression system was a powerful tool for protein production in 
submerged culture, it took a long time to obtain high target protein productivity. Because of 
maked expression of products after the stationary growth phase, repeated batch culture was 
done for the efficient use of mycelia after the stationary growth phase. The experiment shows 
that repeated batch culture increased glucoamylase production, the maximum being 3.3 g/1 
broth on the 12 th day after culture was begun. Productivity for the 21 days from the 
beginning of repeated batch culture was more than 2 g/1 broth, and the product purity was 
99% as total extracellular protein throughout the culture period. 

The importance of this work is in the establishment of a both high-level and high-purity 
protein overproduction system in A oryzae by use of the melO gene promoter [171]. 


Appendix: Enzymes Referred to in Chapters 1-9 


The enzymes referred to in the chapters of this review are listed in alphabetical order 
generally under their recommended names as in ENZYME NOMENCLATURE 
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(Recommendation (1992) of Nomenclature Committee of the International Union of 
Biochemistry and Molecular Biology), except in a few cases where trivial names are more 
frequently used. 

EC number 
Aorsin 3.4.21.- 

Activation of trypsinogen by selectively cleavage of Lys 6 -j-Ile bond at pH 4. Specific 
requirement for dibasic residues at P2 and PI; Boc-Gln-Arg-Arg-j-MCA. 


Aspergillopepsin 1 3.4.23.18 

Hydrolyses proteins with broad specificity. Generally favours hydrophobic residues in Pi 
and Pf, but accept Lys in P 1? which leads to activation of trypsinogen. Does not clot milk. 


Dextrin-Yeast ext-Peptone (DPY) 



2345678 9 10 11 
Culture period [days] 


Standard medium 




W R 


WR 


[kD»] 


id ^ 97. 

14*3 

W^-GAase 


^ 42.4 


30.0 


■# 20.1 



14.4 


Figure 44. glaB-type glucoamylase production under melO promoter control in submerged culture of A. 
oryzae. 


Carboxypeptidase C 3.4.16.5 

Other name: Aspergillus acid carboxypeptidase 

Release of a C-terminal amino acid with broad specificity at pH 3-5. Prefer hydrophobic 
residues in the Pi position. 

Catechol oxidase 1.10.3.1 
Other name: Tyrosinase 

Reaction: 2 Catechol + O 2 = 2 1,2-benzoquinone + 2 H 2 O 
Deuterolysin 3.4.24.39 

Other name: Aspergillus sojae neutral proteinase II; Microbial neutral proteinase II 
Preferential cleavage of bonds with hydrophobic residues in Pf; also Asn 3 -j-Gln and 

o 

Gly -j-Ser bonds in insulin B chain. For calf thymus histone H4, high activity towards 
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peptides next to a pair of basic residues at pH 7.0; Lys-Arg 17 -j-His, Arg-His 18 -j-Arg, Arg- 
Arg 36 -^-Leu. 

Enteropeptidase 3.4.21.9 

Other name: Enterokinase 

Activation of trypsinogen by selectively cleavage of Lys 6 -|-Ile bond. 

Glucan 1,4-a-glucosidase 3.2.1.3 

Other name: Glucoamylase 

Hydrolysis of terminal 1,4-linked a-D-glucose residues successively from non-reducing 
ends of the chains with release of p-D-glucose. 

Mannosyl-oligosaccharide 1,2-a-mannosidase 3.2.1.1.113 

Other name: 1,2-a-D-mannosidase 

Systematic name: 1,2-a-mannosyl-oligosaccharide-a-D-mannohydrolase 

Hydrolysis of the terminal 1,2-linkaged a-D-mannose residues in the oligo-mannose 
oligosaccharide Man 9 (GlcNAc) 2 . 

Monophenol monooxygenase 1.14.18.1 

Other name: Tyrosinase 

Reaction: L-Tyrosine + l-DOPA + 02 = l-DOPA + dopaquinone + H 2 0 

Penicillolysin 3.4.24.- 

The rate of clupeine hydrolysis is 60-fold greater than that for casein hydrolysis at pH 
7.0. High affinity towards the Pro- j-X, Arg-j-Arg, and hydrophobic residue (Pi)-|-X. 

Pepsin A 3.4.23.1 

Preferential cleavage: hydrophobic, preferably aromatic residues in Pi and Pf positions. 
Clevages Phe^Val, Gln 4 -His, Glul 3 -Ala, Ala 14 -Leu, Leu 15 -Tyr, Tyr 16 -Leu, Gly 23 -Phe, Phe 24 - 
Phe, and Phe 25 -Tyr bonds in the B chain of insulin. 
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Abstract 

During the infection of entomopathogenic fungi, extracellular hydrolytic enzymes 
are important for the degradation of the insect cuticle, facilitating penetration and 
providing nutrients for further growth. A common feature between different insect 
pathogenic fungi is the involvement of extracellular proteolytic enzymes in these 
processes. 

Regarding proteases, the most extensively studied entomopathogenic fungal genera 
are Metarhizium and Beauveria. The majority of the protease enzymes described from 
these genera belong to the family of serine proteases, however, the expression of 
metalloproteases and aminopeptidases under biocontrol-related conditions was also 
demonstrated. Detailed knowledge on protease genes and enzymes involved in fungal 
biological control will assist further strain improvement enabling the overexpression of 
genes encoding effective proteases. 

The aim of this chapter is to summarize the information available about the 
extracellular proteases of entomopathogenic fungi, focusing on Metarhizium and 
Beauveria species. A large number of protease enzymes have been purified, cloned and 
characterized from these beneficial organisms. These results will be reviewed and data 
about the regulation of proteases as well as their role during the biocontrol process will 
be discussed. 


Introduction 

It has been known for a long time that entomopathogenic fungi in nature cause a regular 
and tremendous mortality of several arthropods, including various pests in many parts of the 
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world, thus constituting an extremely important natural control factor (Steinhaus, 1949). 
Since entomopathogenic fungi are considered as natural mortality agents and environmentally 
safe, there is a world-wide interest in the utilization and manipulation of them for the 
biological control of insects and other arthropod pests. More than 750 species of insect 
pathogenic fungi spanning 85 genera are known so far (Hegedus and Khachatourians, 
1995). Many common and important entomopathogenic fungi belong to the Hypocreales 
order of Ascomycota, e.g. the anamorphic phases Beauveria , Metarhizium and the sexual 
state Cordyceps ; while others, e.g. Entomophthora and Zoophthora belong to the 
Entomophthorales order of Zygomycota. Entomopathogenic fungi attack a wide range of 
insects and mites, but individual fungal species and strains are more specific. While some 
species such as Beauveria bassiana appear to be generalists, others have narrow host ranges 
(Samson et al ., 1988). Entomopathogenic fungi show a great potential for controlling insects 
as they are able to infect through the insect cuticle and do not require to be ingested. The first 
step of the infection is the adhesion of fungal conidia to the host cuticle (Boucias and 
Pendland, 1991). Then the conidia germinate on the body surface and hyphae penetrate into 
the body of the insect through its cuticle by secreting hydrolytic enzymes. Death occurs 4-10 
days after infection and is caused by tissue destruction and occasionally by toxins produced 
by the fungus. After death, the fungus frequently emerges from the insect cadaver producing 
conidia that can spread the infection. The most widely used entomopathogens are M 
anisopliae and B. bassiana. 

M. anisopliae grows naturally in soils throughout the world. Its teleomorph has not yet 
been discovered, although Cordyceps taii was shown to be the teleomorph of M. taii , so it 
seems likely that the sexual form of M. anisopliae will also turn out to be a Cordyceps 
species. The disease caused by the fungus is called green muscardine disease because of the 
green color of its spores. The fungus kills the insect within a few days. The lethal effect is 
very likely aided by the production of insecticidal cyclic peptides called destruxins. The 
cuticle of the cadaver often becomes red. The fungus has a very broad host range and as a 
biological insecticide it is being used to control a number of pests such as corn rootworm, 
white grubs (scarabs), grasshoppers, termites, thrips, etc. The fungus does not appear to infect 
humans or other animals, therefore it is considered safe as an insecticide. Other insect 
pathogenic species of the genus include Metarhizium flavoviride. 

B. bassiana (teleomorph: Cordyceps (Rehner and Buckley, 2005)) occurs naturally on 
some plants and in soils world wide. The insect disease caused by the fungus is called white 
muscardine disease, because infected insect larvae eventually turn white or gray. B. bassiana 
is a dimorphic fungus: in the soil it grows as a filamentous form and produces conidia, while 
in the insect hemolymph it may develop through an obligatory parasitic, yeast-like hyphal 
body phase and multiply by budding. At the time of the insect's death, fungal cells in the 
hemolymph switch back to the filamentous form and colonize the remaining tissues. When 
conditions are favorable, the fungus grows through the softer parts of the insect body, 
producing the characteristic "white bloom" appearance. B. bassiana is a species complex, in 
which different isolates were earlier suspected to have a restricted host range, however, it is 
recently being realized that this fungus is rather a generalist with no strict host specificity 
(Wraight et al ., 2003). The extremely broad host range involves about 700 species from 
almost all taxonomic orders of Insecta (Li, 1988; Inglis et al ., 2001), including important 
pests as whiteflies, aphids, grasshoppers, termites, Colorado potato beetle, Mexican bean 
beetle, Japanese beetle, boll weevil, cereal leaf beetle, bark beetles, lygus bugs, chinch bug, 
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fire ants, European corn borer and codling moth. Unfortunately, natural enemies like lady 
beetles are also susceptible, and B. bassiana has even been found to infect the lungs of wild 
rodents and the nasal passages of humans. A possible application method that may avoid 
harming beneficial insects is the use of fungus-contaminated insect baits that are attractive to 
pest species only. Several products containing B. bassiana are already commercially 
available as microbial insecticides. In addition to infecting insects, B. bassiana can colonize 
corn plants, having the capability of living in the vascular tissue of certain com cultivars as an 
endophyte, persisting throughout the season and providing significant suppression of com 
borers (Wagner and Lewis, 2000). Besides B. bassiana, B. brongniartii is the other main 
insect pathogenic species of the genus. 


Extracellular Protease Enzymes and their Importance for 

Entomopathogenic Fungi 

Proteases can be subdivided into two major groups: exopeptidases cleaving the peptide 
bond proximal to the amino or carboxy terminal of the substrate, and endopeptidases cleaving 
distant from the termini (Rao et al. , 1998). According to the functional group at the active 
site, proteases are further classified into four groups: serine proteases, aspartyl proteases, 
cysteine proteases and metalloproteases. Based on the pH optimal for their functioning, 
proteolytic enzymes can be characterised as alkaline, neutral or acidic proteases. 

During the infection of entomopathogenic fungi, extracellular hydrolytic enzymes are 
important for the degradation of the insect cuticle, facilitating penetration and providing 
nutrients for further growth. Like most fungal pathogens, Metarhizium and Beauveria use a 
combination of enzymes and mechanical force to penetrate the host cuticle and access the 
nutrient-rich hemolymph. Studies on the induction of extracellular cuticle-degrading enzymes 
revealed that proteases and esterases are produced first, while chitinase and lipase activities 
appear substantially later than enzymes of the proteolytic complex (St. Leger et al ., 1986). 
The stmcture of insect cuticle, where cuticle proteins surround chitin fibrils (Blackwell and 
Weih, 1980) suggests the importance of proteases during penetration. 


Purification and Characterization of Proteases from 
Entomopathogenic Fungi 

Several extracellular proteases have been purified and characterized from 
entomopathogenic fungi. Molecular weights, isoelectric points and specific inhibitors of some 
of these enzymes are summarized in Table 1. The majority of them belong to the family of 
serine proteases. 

St Leger et al (1987b) characterized two subtilisin-like proteases (chymoelastases) and 
three trypsin-like proteases from M. anisopliae. A subtilisin-like protease (Prl; pl=10.3, 
Mw=25 kDa) and a trypsin-like protease (Pr2; pl=4.42, Mw=28.5 kDa) were purified to 
homogeneity. Inhibition studies have revealed that both enzymes possess essential Ser and 
His residues in the active site. Prl exhibited higher activity to locust cuticle than Pr2 and it 
showed activity to elastin as well. 



Table 1. Properties of extracellular proteases purified from entomopathogenic fungi 


Organism 

Name of 
protease 

Type of protease 

Molecular 
weight (kDa) 

Isoelectric point 

Inhibitors 

Reference 

M. anisopliae 

Prl isoforms 

subtilisin-like serine 

28.5-30.2 

9.0-10.2 

tetra-butyl- 

oxycarbonyl-Gly-Leu- 

Phe-chloromethyl 

ketone 

St. Leger 
etal (1994a) 


Pr2 isoforms 

trypsin-like serine 

27-30 

4.4-5.2 

PMSF 

St. Leger 

etal (1994a, 1996a) 


Pr4 

trypsin-like cysteine 

26.7 

4.6 

iodoacetic acid, N- 
ethylmaleimide, 
pCMB, DTNB, 

DEPC, TLCK, protein 
inhibitors from soya 
bean and chicken 

ovoinhibitor 

Cole etal (1993) 


M. anisopliae 
thermolysin 

thermolysin-like metallo 

43 

7.3 

1,10-phenanthroline, 
phosphoramidon 

St. Leger 
etal (1994a) 


M. anisopliae 
carboxipeptidase 

carboxypeptidase 

30 

9.97 

DIFP, 1,10-phenan- 
throline, potato 
carboxypeptidase 
inhibitor 

St. Leger 
etal (1994b) 


MAP-21 

trypsin-like serine 

27 

7.6 

PMSF, TLCK, 
leupeptin, antipain 

Pei et al. (2000) 

B. bassiana 

Prl 

subtilisin-like serine 

35 

10 

PMSF 

Bidochka & 
Khachatourians (1987) 


BBP 

chymotrypsin-like serine 

34.5 

7.5 

PMSF, chymostatin 

Urtz & Rice (2000) 


bassiasin I 

serine 

32 

9.5 

PMSF, DIFP 

Ko etal (1997) 





Table 1. (Continued) 


Organism 

Name of 
protease 

Type of protease 

Molecular 
weight (kDa) 

Isoelectric point 

Inhibitors 

Reference 

B. brongniartii 

Ca 2+ -dependent 

protease 

alkaline 

27 

8.0 

E-64 

Erlacher et al. 

(2006) 


DEPC: diethyl pyrocarbonate; DIFP: diisopropyl fluorophosphate; DTNB: 5,5’-dithiobisnitrobenzoic acid; pCMB: p-chloromercuribenzoate; PMSF: phenyl- 
methylsulfonyl fluoride; TFCK: N-tosyl-F-lysine chloromethylketone. 
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It occurred to have a broad primary specificity toward amino acids with hydrophobic side 
groups in synthetic ester and amide substrates. Pr2 exhibited rapid hydrolytic activity to 
casein and substrates containing Arg or Lys, while little or no activity was shown to cuticle, 
elastin, or substrates for chymotrypsin and elastase. The relation between Pr2 and trypsin was 
confirmed by the use of specific inhibitors. 

A comparative study has also been performed on proteases of the entomopathogenic 
fungi M. anisopliae , B. bassiana , V. lecanii , Nomuraea rileyi and Aschersonia aleyrodis (St. 
Leger et al ., 1987a). Nine examined isolates were able to produce basic chymoelastases 
(pl>7.0) possessing extended binding sites, containing at least four or five subsites, with 
preference for hydrophobic residues at the primary binding site. Most isolates were found to 
produce additional acidic enzymes showing similar specificities to ester and amide substrates, 
but they did not have any activity against elastin. Both acidic and basic enzymes hydrolyzed 
high protein azure or locust cuticle, and inhibition studies revealed the involvement of 
essential Ser and His residues in their function. Although the catalytic properties of the 
enzymes were shown to be similar, antibodies generated against a Metarhizium 
chymoelastase cross-reacted only with enzymes of 2 out of 4 Metarhizium isolates, while no 
cross-reaction was observed with the proteases of other species. Two Metarhizium isolates 
were found to produce a third class of proteases, which hydrolyzed TV-benzoyl-AA-AA-Arg- 
/>NA substrates (AA: various amino acids). Peptidases with similar catalytic activity were 
produced also by other isolates but they were specific for TV-benzoyl-Phe-Val-Arg-pNA and 
exhibited less sensitivity to trypsin inhibitors (St. Leger et al , 1987a). 

St. Leger et al. (1994a) separated and characterized proteases of M. anisopliae that are 
produced during growth on cockroach cuticle. Based on their substrate specificity and 
inhibition patterns they were identified as Prl subtilisin-like proteases (four isoforms), Pr2 
trypsin-like serine proteases (two major and two minor isoforms) and a thermolysin-like 
metalloprotease. The four Prl components with isoelectric points of 10.2 (Mw=30.2 kDa), 9.8 
(Mw=28.5 kDa), 9.3 (Mw=29.5 kDa), and 9.0 (Mw=31.5 kDa) could be separated by 
preparative isoelectric focusing. All isoforms were shown to hydrolyze a range of solubilized 
cuticle proteins favoring those with high molecular weight. The metalloprotease was active 
against the Prl substrate A-succinyl-Ala-Ala-Pro-Phe-7-amino-4-coumarin trifluoromethyl, 
however, it was found to be different from the Prl isoforms in exhibiting sensitivity to 1,10- 
phenanthroline and phosphoramidon. The two major isoforms of Pr2 with pi of 4.4 and 4.9, 
and molecular masses of 30 and 27 kDa, respectively, were also isolated (St. Leger et al ., 
1996b). Both Pr2 isoforms were found to cleave primarily at the carboxyl sides of positively 
charged amino acids favoring Arg, while the Pr2 isoform with pl=4.4 also showed significant 
activity against Lys, but it exhibited low activity against insoluble proteins in Manduca sexta 
cuticle as compared to the subtilisin-like protease (Prl) of the fungus. However, it was shown 
to degrade most solubilized cuticle proteins, favoring basic ones with high molecular weight. 

Pei et al (2000) purified MAP-21, a further cuticle-degrading serine protease from M. 
anisopliae. Fungal cultures were induced by minimal medium supplemented with Cicada 
exuviae, colloidal chitin, shrimp cuticle, maggot cuticle, horsefly cuticle and silkworm 
Chrysalis cuticle. The recognition site of the protease occurred to be Arg. Studies with 
different protease inhibitors have revealed that MAP-21 is a trypsin-like protease. 

The purification and partial characterization of a novel trypsin-like cysteine protease, Pr4 
from M. anisopliae was reported by Cole et al (1993). The enzyme, with an isoelectric point 
of 4.6 and a molecular mass of 26.7 kDa, exhibited trypsin-like specificity, but according to 
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the results of inhibition and activation studies, it is suggested to belong to the cysteine 
protease family, and as such it is the first fungal protease which has been found of this type. 

A carboxypeptidase produced by M. anisopliae during growth on cockroach cuticle was 
also purified (St. Leger et al. , 1994b). Diisopropyl fhiorophosphate (DIFP) could inhibit the 
carboxypeptidase, which suggests the contribution of a Ser residue to the catalytic activity. 
However, the enzyme was shown to be different from most serine carboxypeptidases as it was 
inhibited by the metal chelator 1,10-phenanthroline. Furthermore, it had a lower molecular 
weight, basic isoelectric point and a neutral pH optimum (pH 6.8). These properties are 
similar to those of some metalloproteases but this enzyme cannot be inhibited by Cd 2+ ; and 
neither Zn nor Co is able to restore the decrease in activity caused by phenanthroline. The 
TV-terminal sequence (22 residues) of the enzyme showed no similarity to other protein 
sequences, furthermore, the M. anisopliae enzyme could be effectively inhibited by potato 
carboxypeptidase inhibitor, which is not characteristic for the fungal carboxypeptidases 
described so far. The enzyme possesses primary specificity toward a wide range of amino 
acids with hydrophobic side groups in a series of TV-blocked dipeptides, but it can hydrolyze 
substrates containing Phe the most rapidly. 

Qazi and Khachatourians (2007) reported proteases with gelatinase activity released by 
hydrated conidia of M. anisopliae : inhibition and activation studies revealed the presence of 
various spore-associated metalloprotease isozymes. 

The biochemical features of the subtilisin-like serine protease Prl was also investigated 
in B. bassiana (Bidochka and Khachatourians, 1987). The enzyme had an optimum activity at 
pH 8.5 and 37°C and was rapidly inactivated at 50°C. The activity of B. bassiana Prl was 
that of an endopeptidase which hydrolyzed elastin, casein and gelatin but was much less 
active on bovine serum albumin (BSA) and collagen. No trypsin-like activity was detected. 
Dithiothreitol, a protective agent of sulfhydryl groups had some stabilizing effect on Prl 
against heat denaturation conditions. However, since iodoacetamide did not inhibit protease 
activity, the sulfhydryl groups can not be located in the active site. B. bassiana Prl differs 
from M. anisopliae Prl in having a lower pi and in preferring Ala over bulky hydrophobic 
groups at the P2 and P3 positions in the substrate (St. Leger et al ., 1987b). 

An extracellular chymotrypsin-like serine protease designated as BBP ( B . bassiana 
protease) was purified from a B. bassiana isolate by Urtz and Rice (2000). The protease was 
stable at 25 °C and had an alkaline pH optimum (7.5-9.5). BBP showed a lower pi than Prl 
and was 0.5 kDa smaller. The two proteases also exhibited differences in substrate specificity 
with Prl being most active against TV-succinyl-Ala-Ala-Pro-Phe-pNA, and BBP being most 
active against MeO-succinyl-Ala-Ala-Pro-Met-pNA. Chrzanowska et al. (2001) purified two 
chymotrypsin-like serine proteinases from the supernatant of B. bassiana culture grown in the 
presence of ground larvae of Apis mellifera (Proteinase I) or porcine blood plasma (Proteinase 
II). The purified enzymes had a molecular weight of about 32 kDa and were capable of 
hydrolyzing casein, hide powder azure and azocoll. Both proteinases hydrolyzed TV-succinyl- 
Ala-Ala-Pro-Phe-pNA. Another extracellular serine protease called bassiasin I was purified 
from the culture filtrate of B. bassiana by Ko et al (1997). The enzyme could be 
characterized with a pH optimum of 10.5 and was stable over pH 5.0-11.0. 

An alkaline Ca 2+ -dependent protease was purified from B. brongniartii , the other main 
insect pathogenic Beauveria species, by Erlacher et al. (2006). The enzyme hydrolyzed the 
chromogenic substrates TV-succinyl-Ala-Ala-Pro-Phe-pNA and TV-succinyl-Ala-Ala-Pro-Leu- 
/?NA. Both of these substrates are specific for serine proteases which is in contrast to the fact 
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that the enzyme was slightly inhibited by the cysteine protease inhibitor E-64. The enzyme 
showed little effects against various other protease inhibitors. Metal ions (especially Ca 2+ and 
Mg 2+ ) and organic solvents (e.g. isopropanol, ethanol, methanol, dimethyl sulfoxide) were 
found to enhance the stability of the protease. The enzyme preferentially hydrolyzed wool 
cuticle scales and was therefore suggested to have potential for the antishrinking pre¬ 
treatment of wool fabrics. 


Cloning of Extracellular Protease Encoding Genes from 

Entomopathogenic Fungi 

Since the beginning of the 1990s, several genes encoding extracellular protease enzymes 
have been cloned from mycoinsecticides. Currently, the expressed sequence tags (ESTs, 
mRNA populations transcribed under specific conditions and cloned as cDNAs), are proving 
very useful for large-scale identification of active fungal proteases (Screen and St. Leger, 
2000; Bagga et al ., 2004). Table 2 provides an overview about a series of extracellular 
protease encoding genes known from mycoinsecticides with biocontrol potential. 

St. Leger et al (1992) reported the isolation and characterization of a cDNA clone of the 
protease Prl of Metarhizium anisopliae. Prl was found to be synthesized as a large precursor 
(40.3 kDa) containing a signal peptide, a propeptide, and the mature protein was predicted to 
have a molecular weight of 28.6 kDa. The primary structure of Prl showed high similarity to 
members of the subtilisin subclass of serine endopeptidases. The Ser, His and Asp 
components of the active site in subtilisins were found to be preserved in Prl. Additional 
positively charged residues on the surface of the Prl molecule are supposed to facilitate 
electrostatic binding to cuticle proteins, which is necessary for activity. In a recent study, Liu 
et al (2007) performed the structural modeling of Prl in comparison with proteinase K and 
two cuticle-degrading proteases from nematophagous fungi: Verll2 of Lecanicillium 
psalliotae and VCP1 of Pochonia chlamydospora. The predicted models of the three cuticle¬ 
degrading proteases presented an essentially identical backbone topology and similar 
geometric properties. 

Reverse transcription differential display PCR was used by Joshi et al (1997) to identify 
genes expressed specifically in M. anisopliae during contact with host cuticle. By the use of a 
homology-based subtilisin-like protease primer, a yet unsuspected, differentially expressed 
subtilisin-like protease gene {prlB ) was identified. The gene of the unique subtilisin was 
cloned and the deduced amino acid sequence exhibited 54% similarity to Prl A. The 
molecular mass of the putative mature protein is approximately 28.7 kDa with an isoelectric 
point of 8.05. In spite of the sequence similarities, PrlB contains several substitutions in the 
highly conserved regions, including the active sites of subtilisins. These changes were 
supposed to result in differences in the catalytic activity of the enzyme. 

Bidochka and Melzer (2000) investigated three isoforms of subtilisin-like proteases 
(PrlA, PrlB, and PrlC) in certain strains of M. anisopliae by restriction fragment length 
polymorphism (RFLP) analysis. No RFLP variation was detected among prl genes derived 
from isolates belonging to the same genetically related group. Between isolates from different 
geographical locations, the greatest variation in RFLP patterns was found in the case of prl A, 
while as for prlB and prlC , variation was almost exclusively detected at an EcoRl site. 



Table 2. Characteristics of extracellular protease encoding genes from entomopathogenic fungi 


Organism 

Type of 
protease 

Gene 

Length 

ofORF 

(bp) 

Length of 
deduced 

amino acid 

sequence 

Length of 
putative 
signal 
peptide 

Predicted properties of the protein 

Length Calculated Calculated 

Mw (kDa) pi 

Reference 

M. anisopliae 

subtilisin-like 

serine 

prlA-G 
prl I-K 

1128- 

1347 

332-533 aa 

14-22 aa 

NR 

26.3-57.0 

5.20-8.53 

Joshi et al (1997), 

Bagga et al (2004), 

Zhang et al (2008b) 


chymotrypsin- 
like serine 

chyl 

1121 

374 aa 

19 aa 

188 aa 

18.5 

8.29 

Screen & St. Leger 
(2000) 

B. bassiana 

subtilisin-like 

serine 

prl 

1080 

360 aa 

18 aa 

261 aa 

26.8 

NR 

Joshi et al (1995) 


serine 

bsnl 

1137 

379 aa 

18 aa 

206 aa 

28.2 

NR 

Kim et al (1999) 


tripeptidyl 

peptidase 

BbTPP 

1731 

577 aa 

19 aa 

558 aa 

61.0 

NR 

Tartar & Boucias (2004) 

B. brongniartii 

subtilisin-like 

serine 

prl 

1140 

380 aa 

18 aa 

250 aa 

39.1* 

8.0* 

Sheng et al (2006) 


NR: not reported, *: calculated from the entire length of the protein. 
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The greatest difference in RFLP patterns at all prl genes was observed in the case of M. 
anisopliae var. majus strain 473 and a M. flavoviride isolate when compared with other M. 
anisopliae strains. The prl genes were concluded to represent a gene family of subtilisin-like 
proteases and prl A was supposed to encode for the ancestral enzyme which was subsequently 
duplicated and rearranged within the genome. 

Further, more detailed characterization of the diversity of M. anisopliae subtilisins was 
performed by Bagga et al (2004). Expressed sequence tag (EST) analyses revealed that strain 
2575 of M. anisopliae sf. anisopliae , an isolate possessing multiple hosts, expressed 11 
different subtilisins during growth on insect cuticle. Ten of their orthologs were amplified by 
PCR from strain 820 with multiple hosts and seven from the locust pathogenic strain 324 of 
M. anisopliae sf. acridum. M. anisopliae subtilisins were grouped into four clusters according 
to analyses based on sequence similarities and exon-intron structure: a class I ("bacterial”) 
subtilisin (PrlC), and three clusters of protease K-like class II subtilisins: extracellular 
subfamily 1 (PrlA, PrlB, PrlG, Prll and PrlK), extracellular subfamily 2 (PrlD, PrlE, PrlF 
and PrlJ) and an intracellular subtilisin (PrlH). The evolution of subtilisins has yielded a 
range of isoforms in M. anisopliae , which is supposed to be related to the pathogenicity of the 
fungus. PrlA was reported to be the predominant protein produced during the degradation of 
insect cuticles (St. Leger et al , 1989) and EST analyses revealed the tenfold abundance of 
PrlA in comparison with the second most highly expressed subtilisin (PrlJ). This suggests 
that the other Prl subtilisins play a minor role in cuticle degradation. Distinct subtilisins 
might play different roles in pathogenesis, enhance adaptability and host range, or have 
different functions in survival in various ecological habitats outside the host. 

Recently, a prl A gene was identified and cloned from the locust specific M. anisopliae 
strain CQMal02 by Zhang et al (2008b). According to the results of enzyme assays and the 
analysis of the predicted amino acid sequence, PrlA belongs to the subtilisin-like serine 
protease family, showing significant homology (85-99%) with M. anisopliae subtilisin-like 
serine proteases, and it was found to be the most closely related to the subtilisin PrlA from 
M. anisopliae var. acridum strain FI-985 (over 95% identity). The 1.319 bp cDNA sequence 
contained a single, 1.170 bp open reading frame extending from the postulated initiator 
methionine at position 1 to the stop codon, TAA, at position 1171. The cDNA encoded a 
putative 390 amino acid polypeptide, with a predicted conserved catalytic triad of serine 
proteases: Aspl48 (D), Hisl79 (H), and Ser334 (S). Analysis of the TV-terminal region of the 
primary translation product suggested the presence of a signal peptide. The calculated 
molecular mass of 40.693 Da is in accordance with the estimated 41.000 Da for the primary 
translation product of PrlA. The calculated molecular mass of the mature protease (26.297 
Da) is in agreement with that of the native protein from CQMal02. Verifying its protease 
activity, the CQMal02 PrlA protein was successfully expressed in Pichia pastoris. Cuticle 
degrading activity assays have revealed that the PrlA gene cloned from M. anisopliae strain 
CQMal02 possesses cuticle-degrading function, suggesting that it might be a potential tool 
for the development of engineered biopesticides. 

The gene of the Pr2 trypsin-like serine protease protein of M. anisopliae was also isolated 
(Smithson et al , 1995). Sequence analysis and RT-PCR have revealed that the gene contains 
two introns with the length of 94 and 40 bp. The deduced protein consists of 254 amino acids, 
possesses a putative signal sequence suggesting its transport into the endoplasmic reticulum 
and it is supposed to undergo a second proteolytic processing step at its TV-terminus resulting 



Extracellular Proteases of Entomopathogenic Fungi 


283 


in the mature enzyme, which exhibits high level of homology with other serine proteases of 
the trypsin subclass. 

Screen and St. Leger (2000) reported the cloning of a chymotrypsin gene, chyl from M. 
anisopliae. The protein was identified by expressed sequence tag (EST) analysis and 
sequence comparisons revealed the closest relationship to Streptomyces griseus protease C 
(55% identity, not including the unique C-terminal region of SGPC). Therefore chyl was 
suggested to have arisen by lateral gene transfer from an actinomycete bacterium. 

The investigation of the cDNA of B. bassiana Prl has revealed that the protein is 
synthesized as a large precursor (M w =37460 Da) containing a signal peptide, a propeptide and 
the mature protein (Joshi et al ., 1995). The predicted amino acid sequence shows 53.6% 
identity with M. anisopliae Prl. Both B. bassiana and M. anisopliae Prl sequences contain a 
hydrophobic TV-terminal sequence of 18 amino acids resembling signal sequences for excreted 
proteins. The format includes a charged residue (Arg in B. bassiana and His in M 
anisopliae ), a core of eight hydrophobic residues and a helix breaking residue (Pro) four 
residues before the signal peptide cleavage site (Ala-Pro-Ala in M. anisopliae Prl and Ala- 
Pro-Val in B. bassiana Prl). The sequences of B. bassiana and M. anisopliae Prl mature 
proteases show extensive regions of conserved amino acids with intervening divergent 
sequences. The highest similarities were found in regions previously identified in subtilisin as 
the active site and internal helices (Joshi et al , 1995). 

The genomic DNA encoding Prl in the other main insect pathogenic Beauveria species, 
B. brongniartii contains three introns that are 64, 57-, and 61-bp long (Sheng et al ., 2006). 
The deduced amino-acid sequence of the protein shows similarity to that of Prl from M. 
anisopliae (67%), and Prl from B. bassiana (76%). The calculated molecular mass of the Prl 
precursor is 39121 Da and its pi is 8.0. The protein has three active sites characteristic of 
subtilisin-like serine proteases. 

The comparison of the cDNA and genomic sequences revealed that the coding regions of 
bassiasin I are interrupted by 3 introns which are 69, 62 and 68 bp long (Kim et al ., 1999). 
The calculated molecular mass of the bassiasin I precursor was 38863 Da, while that of the 
mature protein proved to be 28222 Da. The protein sequence of the bassiasin I precursor 
showed high homology to members of the subtilisin family of serine proteases. The mature 
bassiasin I protein shows 78.2% and 73.2% identity to B. bassiana Prl (Joshi et al ., 1995) and 
M. anisopliae Prl (St. Leger et al ., 1992) respectively. When compared to B. bassiana Prl, 
the signal peptide and the prosequence were found to be highly homologous (99%), but the C- 
terminal sequences proved to be very different. 

In the study of the transcriptome of B. bassiana cells grown in infected M. sexta larvae in 
yeast-like hyphal body phase, two protease genes were detected by Tartar and Boucias 
(2004). One of these proteases was shown to be upregulated during infection and was 
identified as a tripeptidyl peptidase (TPP). The protein sequence is similar to a sequence 
identified as a tripeptidyl peptidase A from Aspergillus oryzae and exhibits similarity to 
serine proteases. Molecular weight estimation indicated that the enzyme is ca. 63 kDa when 
the signal peptide is included, and ca. 61 kDa when the signal peptide is removed. 
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Regulation of Proteases Produced 

BY ENTOMOPATHOGENIC FUNGI 

The specific induction of M. anisopliae Prl was examined by Paterson et al. (1994a). The 
enzyme occurred to be induced specifically by insect cuticle but not by any other soluble or 
insoluble proteinaceous substrates. The production of Prl was not increased significantly 
following the addition of elastin or collagen to derepressed mycelium starved for carbon and 
nitrogen, and soluble proteins (BSA and gelatin) rapidly and entirely repressed the enzyme. 
Carbohydrate polymers like cellulose and xylan resulted in derepressed basal levels of Prl, 
while approximately 10-fold increase in the enzyme production was observed following the 
addition of locust cuticle as compared to that of derepressed mycelium. Expressing enzyme 
activity per dry mycelial weight revealed that Prl production in cultures grown on cuticle 
increased approximately five- and ninefold after 12 and 24 h, respectively, in comparison 
with elastin-grown cultures. This finding suggests that the enhanced Prl production was 
induced by a component of the insect cuticle. 

The inducibility of Prl by proteinaceous compounds released enzymatically from insect 
cuticle was also studied in M. anisopliae (Paterson et al ., 1994b). In the case of Schistocerca 
gregaria cuticle treated with KOH in order to remove proteins, no induction of Prl 
production was observed, while cuticle treated with chloroform or ether to remove lipids was 
able to induce enzyme production. Digestion of cuticle with Prl or the trypsin-like protease 
Pr2 of M. anisopliae resulted in peptides mainly in the range of 150-2000 Da. The addition of 
these peptides at 3 jug Ala equivalents ml' 1 led to the induction of Prl production to a level 
(75%) similar to that observed in the case of untreated insect cuticle. The ability of various 
amino acids and peptides abundant in insect cuticular protein (Ala, Gly, Ala-Ala, Ala-Ala- 
Ala, Ala-Pro and Pro-Ala) to induce Prl was tested but none of them was found to increase 
enzyme production in the levels observed with cuticle, or peptides enzymatically released 
from the cuticle. 

Screen et al (1997) examined the promoter region of prl. Sequencing revealed the 
presence of putative CreA- and AreA-binding sites. A GST-CreA fusion protein from A. 
nidulans was found to be able to bind to two of the three putative CreA sites confirming their 
potential role in carbon-catabolite repression. Using a PCR-based method, the M. anisopliae 
crrl (carbon response regulator 1) gene was identified. It was found to encode a protein with 
significant homology to the CreA proteins of A. nidulans , A. niger , T. reesei and T. 
harzianum. The crrl gene was shown to complement the creA204 mutation of A. nidulans , in 
that CRR1 protein is able to substitute for A. nidulans CreA in the repression of alcohol 
dehydrogenase I. This confirms that crrl encodes a carbon-response regulator protein which 
is at least partially a functional homologue of the A. nidulans CreA. These findings support 
that the expression of prl in M. anisopliae is controlled by carbon-catabolite repression. 

The purification and characterization of BmSI-7 and BmSI-6, two subtilisin inhibitors 
from Boophilus microplus (BmSI) was reported by Sasaki et al. (2008). The inhibitors were 
found to exhibit significant inhibition on the activity of purified Prl proteases from M. 
anisopliae. 

The regulation of the trypsin-like protease Pr2 of M. anisopliae was examined by 
Paterson et al. (1993). Three insoluble protein sources, insect cuticle, elastin and collagen, as 
well as two soluble proteins, gelatine and especially bovine serum albumin (BSA) were found 
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to induce the enzyme, while cellulose and xylan showed no stimulatory effect. Basal levels of 
Pr2 were detected after 8 h of carbon and nitrogen starvation but only after 16 h among 
nitrogen or carbon starvation conditions. A strong repression by nitrogen was observed in the 
presence of a protein source, while carbon had little effect. Sulphur was shown to have no 
effect on Pr2 production. 

St. Leger et al (1998) examined the influence of ambient pH on the production and 
activity of various extracellular enzymes in M. anisopliae , including subtilisin-like proteases 
(PrlA and PrlB), trypsin-like proteases (Pr2), metalloproteases, aspartyl proteases and 
aminopeptidase. The maximum enzyme activities were shown to occur at culture pH close to 
the pH optimum of the certain enzymes irrespective of whether the medium contained an 
inductive cuticle substrate. Accordingly, the highest levels of aspartyl protease, 
metalloproteases, aminopeptidase, Pr2 and Prl isoforms were observed at culture pHs ranging 
between 3 and 4, between 6 and 8, at pH 7, between pH 6 and 8, and at pH 8, respectively. 
Northern analysis confirmed that the pH of the medium played a key role in the regulation of 
gene expression: expression of both subtilisin genes and of Pr2 was turned off among acidic 
conditions. The pH of infected cuticle was found to range from about 6.3 to 7.7 during fungal 
penetration. In accordance with pH regulation of enzyme production, serine and 
metalloproteases were produced in situ during infection, but no production of aspartyl 
proteases was detected, suggesting that this type of protease does not play a role in the 
degradation of cuticle components. M. anisopliae was shown to be able to grow over a wide 
pH range (pH 2.5 to 10.5) (Hallsworth and Magan, 1996). However, cytosolic pH was found 
to be stable between pH 5 and 8, indicating an efficient regulation of cytosolic pH and 
adaptation to survive in various environments. In order to facilitate nutritional versatility over 
a wide range of growth conditions, M. anisopliae was found to produce various types of 
proteases only at the pH values where they function effectively. In addition, a concerted 
action of pH and induction by cuticle on enzyme production was also shown. Prl production 
was found to be derepressed when the ambient pH was alkaline, even in the absence of 
cuticle. However, the presence of cuticle increased Prl production threefold at pH 8. The 
concerted action of induction by host cuticle and pH may represent a mechanism whereby 
environmental signals induce the production of certain virulence factors. The ability of M 
anisopliae of altering ambient pH was also reported and the influence of changes in pH on the 
production of proteases was investigated (St. Leger et al ., 1999). The wild-type strain of M. 
anisopliae underwent mutagenesis with ethyl methanesulphonate, resulting in oxalic acid 
hyper- (Acid+) and hypoproducer (Acid-) mutants. Wild-type and Acid+ strains grew almost 
as well at pH 8 as at pH 6, while Acid- mutants showed reduced growth at pH 8, indicating 
that acid production is required for the ability to grow at higher pH values. Degradation of 
proteins was tested by measuring clearing zones in pH indicator medium containing skimmed 
milk. Acid- mutants exhibited a level of protein degradation similar to that of the wild-type 
strain, while, in spite of growth, a decrease in protease production was observed along with 
acidification of the medium in Acid+ mutants. However, in buffered liquid culture containing 
insect cuticle they exhibited levels of protease activity very similar to that of the wild-type 
strain, demonstrating that the regulation of protease production was not altered in the mutants. 
A significant increase in pH was observed in the case of wild-type and Acid- mutants, which 
was found to be the consequence of ammonia production. This resulted in the production of 
subtilisin proteases, whose activities occur only at basic pH. In accordance with this, protease 
production by Acid+ mutants of M. anisopliae was significantly inhibited by the acidification 
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of the medium. These findings suggest that alkalinization by ammonia production is an 
adaptive strategy via facilitating the utilization of proteinaceous nutrients. 

Shah et al (2005) studied the production of virulent conidia by M. anisopliae in different 
media, such as susceptible insect hosts, 1 % yeast extract, 2 % peptone, osmotic stress medium 
and CN 10:1 medium. Among pathogenicity-related factors, virulent conidia typically 
exhibited high levels of spore bound Prl protein. Using real time PCR, virulent conidia from 
insects were shown to contain significantly higher levels of prl A transcripts than inocula 
from artificial media. Among the artificial media studied, yeast extract medium occurred to 
yield in the most virulent conidia, however, the levels of prl A transcripts were significantly 
lower than those in insect-derived conidia. Since virulent conidia were produced in all types 
of media examined, even among starvation conditions where growth and sporulation was 
weak, it has been concluded that the inoculum is virulent regardless to the original growing 
medium or insect host. Starvation conditions were thus supposed to result in the derepression 
of prl , therefore the production of this virulence-related protease is enhanced. 

Small and Bidochka (2005) isolated genes expressed during mature conidial production 
under nutrient-deprived conditions in M. anisopliae by suppression subtractive hybridization, 
and their expression was confirmed by reverse-transcription polymerase chain reaction (RT- 
PCR) analysis as well. One of the seven conidiation-associated genes was found to encode for 
the extracellular subtilisin-like protease Prl. RT-PCR analysis revealed that Prl is up- 
regulated in infected Galleria mellonella larvae also at the final stages of the infection, when 
mycelia emerge and produce conidia on the surface of the dead host. 

Fang and Bidochka (2006) applied RT-PCR to determine the relative expression level of 
prl during the pathogenesis of M. anisopliae. No expression of prl was observed when the 
fungus was grown in YPD (0.2 % yeast extract, 1 % peptone, 2 % dextrose) broth or on YPD 
agar and in the early stages of infection, but its transcripts were detected in insect cadavers as 
fungal mycelia emerged, prl was expressed during conidiogenesis and late stages of 
pathogenesis, supporting the findings of Small and Bidochka (2005). The failure to detect prl 
expression in the early phases of infection might be a consequence of the low fungal biomass 
available from these stages. 

The effects of different carbon sources, including the cuticle of B. microplus on the 
production of hydrolytic enzymes by M. anisopliae was examined by Krieger de Moraes et al 
(2003). Glucose or A-acetylglucosamine (GlcNac) were used as carbon sources, and complex 
substrates containing chitin, tick cuticle, the combination of tick cuticle or chitin 
supplemented with different GlcNac concentrations, as well as tick cuticle or chitin plus 
glucose were also tested. Proteases were produced in all media tested but the levels of 
activities varied. High subtilisin activities were observed in cultures supplemented with tick 
cuticle or chitin plus 1.0% GlcNAc, and lower levels were detected in cultures grown on 
glucose, 1.0% GlcNAc or tick cuticle plus 0.2% GlcNAc. The highest level of trypsin activity 
was found in medium with chitin added at 0 . 8 %. 

Mohanty et al (2008) studied the efficacy of the virulent M. anisopliae strain 892 - 
isolated from Pyrausta nubilalis - against mosquito larvae. LC 50 values of M. anisopliae 892 
for Culex quinquefasciatus , Anopheles stephensi and Aedes aegypti were examined. M. 
anisopliae 892 was found to cause approximately 50% mortality of C. quinquefasciatus 4 
days post inoculation. The production of subtilisin-like (Prl) and trypsin-like protease (Pr2) 
was measured in the presence of certain inducers. Significant differences in the production of 
Prl and Pr2 were found following the addition of inducers i.e. cuticles of the three 
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mosquitoes. The cuticles of C. quinquefasciatus were found to result in the highest Prl 
activity in M. anisopliae 892 among derepression circumstances, as compared to the other 
two mosquito cuticles. The larvae of C. quinquefasciatus proved to be more susceptible to the 
spores of M. anisopliae 892 than those of A. stephensi and A. aegypti. The scale of induction 
of Prl inM anisopliae 892 showed positive correlation, while Pr2 induction was found not to 
correlate with the mortality of mosquito larvae. Decreased Prl and Pr2 were observed when 
de-proteinated cuticles were added as inducers. Since mosquito vector control is an integral 
part of controlling malaria (WHO 1993), the above findings may contribute to these efforts. 

The activicity of M. anisopliae carboxypeptidase described by St. Leger et al. (1994b) 
complements that of the subtilisin-like protease (Prl). Both enzymes have been found to 
occur during carbon and nitrogen deprivation, suggesting that this exopeptidase exhibits a 
synergistic function with Prl in degrading peptides in order to supply amino acids during 
starvation and pathogenicity. 

Tiago et al. (2002) examined the production of Prl and Pr2 of a wild-type strain of M. 
flavoviride being developed as a biocontrol agent against the grasshopper Schistocerca 
pallens. Both enzymes were produced in high amounts in a minimal medium supplemented 
with the cuticle of S. pallens. No Prl activity was observed in a minimal medium containing 
nitrate as a sole nitrogen source, whereas Pr2 was produced in higher amounts on defined 
growth substrate than on cuticle-supplemented medium. The production of Prl only in 
cuticle-containing medium indicates the need of specific components of the host cuticle as 
inductive agents, similarly to that observed for M. anisopliae by Paterson et al (1994b). 

Da Silva Pinto et al (2002) investigated the production of Prl and Pr2 in several isolates 
of M. flavoviride. The fungi were grown in a mineral medium (MM) containing nitrate, and in 
MM supplemented with cuticle from Rhammatocerus schistocercoides or with casein. Prl 
activity was detected in all media tested but activities were found to be different as a 
consequence of the growth substrate, being about 2 to 8 times higher in MM+casein and 
about 4 to 20 times higher in MM+cuticle than in MM, and variability in activities was also 
observed among certain isolates. Pr2 was produced by all isolates but at lower levels than Prl 
and with less variability between the isolates. The natural variability detected in the 
production of proteases, particularly Prl, suggests that the production of Prl on insect cuticle 
is a useful characteristic for the analysis of intraspecific variability of M. flavoviride isolates. 

Bidochka and Khachatourians (1988a) reported that B. bassiana synthesizes and secretes 
a Prl-like extracellular serine protease into its growth medium when an exogenous protein, 
gelatin serves as nitrogen and carbon source. The enzyme had maximum activity at pH 8.5 
and was found to be unstable at pH levels below 5. In gelatin-containing cultures at pH 7.0, 
the synthesis of the protease was repressed in the presence of ammonium and glucose, 
glycerol, trehalose, or mannitol but not in the presence of maltose. The synthesis of B. 
bassiana Prl was found to be regulated by products of chitin degradation: the synthesis was 
repressed in gelatin medium containing GlcNAc at levels of >1.07 jamol per mg of fungal dry 
weight (Bidochka and Khachatourians, 1988b). At lower concentrations, protease synthesis 
was initiated. Free amino acids generated from the hydrolysis of gelatin did not repress 
protease synthesis. Similarly to M. anisopliae , the addition of insect cuticule caused usually a 
high level of subtilisin activity also in the case of B. bassiana. The addition of Ala, the major 
amino acid found in the cuticle of insects (Hackman and Goldberg, 1987) at an amount of 
0.5% to the culture medium repressed subtilisin secretion in B. bassiana (Campos et al ., 
2005). 
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The comparative analysis of gene expression patterns of a B. bassiana isolate grown on 
cuticular extracts of various insects from diverse orders as well as synthetic medium revealed 
that in general, the gene expression profile on cuticular extracts of insects was pretty similar 
(Pathan et al , 2007). This shed light on the putative generalist nature of B. bassiana with its 
ability to penetrate many different insect cuticles possibly due to a rather stereotype gene 
expression program. Two proteases, subtilisin-like serine protease Prl and protease-1 (PRT- 
1) were identified among the differentially expressed genes. Prl was differentially expressed 
after growth of the fungus on different insect cuticles. Moreover, protease PRT1 was found to 
be upregulated on the cuticle of the aphid Aphis craccivora. 

The secretion of subtilisin-like (Prl) and trypsin-like (Pr2) proteases by B. bassiana 
during the growth either in nitrate-medium or in grasshopper-cuticle-containing medium 
supplemented with different amino acids were examined by Donatti et al (2008). The 
production of Prl and Pr2 was enhanced by the presence of cuticle, but the production of 
these proteases did not seem to be coordinately expressed, since both of them were detected 
after 24 h of growth. The amino acid methionine is either absent or occurs at low levels in 
grasshopper cuticle, and it seems to play a regulatory role in Prl secretion, as both induction 
and repression seem to be dependent on the concentration of this amino acid in the culture 
medium. The remaining amino acids tested did not induce the protease to the levels seen with 
cuticle. 

The production of B. bassiana Prl and Pr2 proteases were examined in media both under 
buffered and unbuffered conditions (Dias et al 2008). In unbuffered medium supplemented 
with cuticle, Prl and Pr2 activities were detected mainly at a pH of 5.5 or higher. In buffered 
cultures, both protease types were produced - albeit at lower levels - by carbon and nitrogen 
derepression alone, indicating a substantial basal level of Prl and Pr2. At alkaline pH in the 
presence of cuticle, the production of these proteases seemed to be induced, suggesting that 
the culture pH influences their expression. 

The production of Prl and Pr2 enzymes by conidia of B. bassiana during the initial stages 
of germination on aphid exuviae with or without supplementation of additional carbon and/or 
nitrogen compounds was investigated by Qazi and Khachatourians (2008). In 0.25 hour upon 
incubation of conidia, activities of Prl and Pr2 were observed in the culture. Addition of 
exogenous carbon source during the initial stages of germination resulted in higher activities 
of both enzymes. Conversely at 0.25 h, addition of nitrogen sources repressed the synthesis of 
Pr2, but not that of Prl. This repression effects were observed only in the case of 
exponentially growing mycelia, indicating that the carbon/nitrogen repression occurs only 
when it is necessary for the B. bassiana infective structures to establish a nutritional 
relationship with the host structures. 


The Role of Proteases During the Action 
of Entomopathogenic Fungi 

In M. anisopliae, subtilisin is reported to be intricately related to a strain’s ability to 
penetrate, colonize and macerate insect host tissues (St. Leger et al., 1996a; Bagga et al, 
2004). Subtilisins were found to be expressed after growth of M. anisopliae on different 
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insect cuticles but not on artificial medium (Freimoser et al ., 2005). A diverse regulation of 
subtilisins may thus be an essential part of the infection process of different insect hosts. 

Prl of M. anisopliae is an important virulence determinant protease which was found to 
be induced by insect cuticle, derepressed under starvation condition and repressed in the 
presence of excess nutrients (Butt et al. 1998). St. Leger et al. (1988a) used either IgG 
antibodies against Prl or turkey egg white inhibitor, a potent specific inhibitor of Prl in order 
to reveal the potential relationship between Prl and the virulence of M. anisopliae towards M 
sexta. The application of the inhibitor to M. sexta during infection resulted in a significantly 
delayed mortality. The inhibitor also caused a reduced melanization of cuticle, which 
phenomenon is known to be an early host response to fungal infection and invasion of the 
hemolymph, furthermore, the host’s growth rate remained on a normal level. A delayed 
penetration through the cuticle was observed according to the incorporation of the antibodies 
or the inhibitor, however, spore viability, growth and formation of appressoria on the cuticle 
surface were not altered. These findings suggest that the inhibition of Prl reduces the scale of 
infection via decreasing the ability of the fungus to penetrate through the insect cuticle. The 
dependence of the accumulation of protein degradation products from cuticle - including 
ammonia - on active Prl was revealed by in vitro studies, which confirmed the major role of 
Prl in solubilizing cuticle proteins, thus making them available as nutrients for the fungus. 
Prl is concluded to act as a virulence factor by catalizing the localized destruction of cuticle 
proteins, which allows the rapid invasion of the susceptible host. 

To improve the efficacy of mycoinsecticide agents, the gene encoding Prl was 
overexpressed in M. anisopliae which greatly enhanced the strain’s virulence and reduced the 
time to kill (St. Leger et al ., 1996b). A range of recombinants were constructed expressing 
prl under the transcriptional control of the constitutive glyceraldehyde 3-phosphate 
dehydrogenase ( gpd) promoter from A. nidulans. Four strains showing wild-type levels of 
growth and conidiation, as well as producing large elastin clearing zones were tested for the 
constitutive production of Prl in comparison with the parental strain. Copy numbers of prl 
cDNA varied from three to six in the transformants. All strains were shown to produce Prl 
while cultivated in a medium containing cockroach cuticle, but only the transformants 
produced Prl during growth on GlcNAc, which was reported to repress the synthesis of Prl in 
the wild-type strain (St. Leger et al , 1988b), indicating the expression of the heterologous 
promoter and synthesis and secretion of Prl. Bioassays carried out with the recombinant 
strains against the larvae of M. sexta led to a 25% reduction in time of death and reduced food 
consumption by 40% as compared to infections by the wild-type fungus. In larvae infected by 
the transformant strains, partial hydrolysis of the hemolymph proteins was observed. Western 
blot analysis revealed the presence of Prl in the hemolymph, which indicated that Prl was 
produced even after penetration through the cuticle. This finding was confirmed by the 
precipitation of hemolymph samples with Prl-specific antibody, since in the transgenic strains 
a 50-fold higher amount of Prl was detected then in the wild-type parent. Insects infected 
with the transformants were rapidly melanized, suggesting the increased function of the 
prophenoloxidase system of the host. The combined toxic effects of Prl and the reaction 
products of phenoloxidase enabled the transformant strains to express a more efficient 
entomopathogenic activity. The resulting insect cadavers were poor substrates for fungal 
sporulation, which suggests a reduced environmental persistence of the genetically 
engineered fungus, providing a tool for biological containment. Such genetically improved 
strains with increased activity might be potential candidates for biocontrol of insect pests. 
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The effect of prl gene deficiencies on the entomopathogenic activity of M. anisopliae 
was investigated by Wang et al (2002). A wild-type isolate, as well as three spontaneous 
prl A- and />r7i?-deficient mutants of the fungus were involved in the study. The lack of prl A 
and prlB genes in the mutants was revealed by nested PCR and radiolabelling, while they 
could be detected in the wild-type strain. The mutants shared the same phenotype, and 
molecular characterization of the isolates carried out by RAPD-PCR and sequencing of partial 
28S rDNA demonstrated that they were identical genetically as well, but they exhibited 
morphological differences from the wild-type. Enzyme assays performed in order to 
determine Prl, Pr2, elastase and non-specific protease activities revealed that Prl and elastase 
production of the mutants was significantly lower than that observed in the wild-type parent, 
while their Pr2 and non-specific protease activities occurred to be similar. Bioassays 
demonstrated that similarly to the wild-type strain, the mutants caused approximately 100% 
mortality on the larvae of G. mellonella , whereas they exhibited significantly reduced lethal 
activity on Tenebrio molitor. These findings suggest that a stable mutant strain lacking the 
most important prl genes is still able to infect its hosts, furthermore, it is not uncommon for 
M. anisopliae to loose its virulence genes during maintenance on artificial medium. 

Hu and St. Leger (2002) performed experiments with transformant derivatives of a M. 
anisopliae strain in order to test their survival among field conditions. The wild-type and the 
recombinant strain gpd- Prl-4 (containing four copies of the prl A subtilisin gene under 
control of the constitutive gpd promoter from A. nidulans) were transformed with a variant of 
Aequorea victoria green fluorescent protein ( gfp ) gene alone or with additional prl gene 
under the control of the gpd promoter of Cryphonectria parasitica , resulting in derivatives 
GMa and GPMa, respectively. The study proved the applicability of gfp for monitoring 
biocontrol strains in field populations over time. Little dissemination of transgenic strains was 
observed and no evidence of transmission by nontarget insects was found. Recombinant fungi 
occurred to be genetically stable over 1 year under field conditions, and the application of the 
transgenic strains was shown not to harm the culturable indigenous fungal microflora. 
However, GPMa showed reduced persistence in soil as compared to GMa. 

It was demonstrated with gold-labelled rabbit antiserum that Prl is produced by M. 
anisopliae during penetration of M. sexta , the enzyme was secreted by appressoria on the 
cuticle surface and found to be ultrastructurally located in the host cuticle during the early 
stages of penetration (Goettel et al 1989). Isoforms of M. anisopliae Pr2 were also monitored 
by immunocytochemical investigation using gold-labelled rabbit antisera during penetration 
through the M. sexta cuticle (St. Leger et al , 1996a). Both isoforms were found to be 
associated with appressoria, but they were also detected in the extracellular sheath around 
hyphae, on the cuticle surface, as well as in the penetrant hyphae within the cuticle, 
suggesting that they are necessary in the early stages of infection. The presence of the Pr2 
isoforms in infection structures suggests their role in degrading extracellular proteins in 
synergysm with Prl. Hydrophilic Arg-Y or Lys-Y units, the targets of Pr2 isoforms are 
expected to be located on the periphery of globular proteins, while in the case of Prl that 
possesses specificity for hydrophobic residues, potential substrates may be found in the 
interior parts of proteins. Trypsin activity is supposed to complement Prl via making proteins 
accessible for further hydrolysis, facilitating penetration and providing peptides to be utilized 
as nutrients. Thus Prl and Pr2 isoforms may represent a part of a cascade of pathogen 
reactions during the penetration of host cuticles. 
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The incubation of spores in water represents a nutritional starvation, which may occur 
during the field application of entomopathogenic fungi, when conidiospores are sprayed in 
water or as invert emulsion in oil. In aqueous supernatants, spore-associated metalloprotease 
isoenzymes were found to be released during the pre-germination period or swelling phase of 
M. anisopliae , and their activity was detectable up to 4 days (Qazi and Khachatourians, 
2007). By releasing these metalloproteases, hydrated conidia are supposed to act as a backup 
system to complement Prl. 

Extracellular proteases appear to be important virulence factors also in the case of B. 
bassiana (Bidochka and Kkachatourians 1994). Subtilisin-like serine protease Prl of B. 
bassiana has been characterized with high activity against insect cuticule (Bidochka and 
Khachatourians, 1987; St. Leger et al. , 1987a). Proficient and deficient strains of B. bassiana 
for production of extracellular protease in liquid culture and their virulence toward 
Melanoplus sanguinipes were studied by Bidochka and Khachatourians (1990). The 
investigation revealed that the protease-deficient mutant strain which produced less than 10% 
of protease when compared to the protease-proficient strain had the highest LT 50 (11.34 
days), while the protease-proficient strain showed the lowest LT 50 (5.71-6.80 days) against 
the migratory grasshopper, indicating that Prl facilitates the penetration through the host 
cuticule. Gupta et al. (1992) showed that proteases produced by five different strains of B. 
bassiana are maximally expressed when the fungus is grown on wax moth (G. mellonella) 
cuticle. A subsequent study revealed that a high level of Prl-like proteases produced by B. 
bassiana appears to be related to the early onset of mortality in G. mellonella larvae (Gupta et 
al. 1994). Shimizu et al (1993) demonstrated with the aid of enzyme-linked immunosorbent 
assay that B. bassiana produced a substantial amount of extracellular protease in the 
haemolymph of infected silkworms ( Bombyx mori). 

Prl was used by Zhang et al (2008a) as an additive of sprays of B. bassiana used against 
adults of the aphid Myzus persicae. The LC 5 o value decreased with increasing Prl 
concentrations, and on days 5-7 after spraying, the LC 50 values were reduced 1.5-2.5-fold at 
the concentrations of 20-100 pg ml" 1 of Prl. However, sprays of Prl aqueous solution alone 
had no significant effect on aphid mortality. These results confirm that the Prl protease 
enhanced fungal virulence due to acceleration of conidial germination and cuticle penetration. 

In order to improve the insecticidal efficacy of B. bassiana , it was genetically engineered 
via two-step transformations with the gene aalT encoding an insect-specific scorpion 
neurotoxin, and the extracellular subtilisin-like serine protease gene Prl A of M. anisopliae 
(Lu et al. 2008). The bioassay of transformants against the larvae of a pine caterpillar 
(Dendrolimus punctatus) and a wax moth (G. mellonella ) revealed that the pathogenicity of 
the genetically engineered strains was substantially increased: the LC 5 o spore concentration 
was 15-fold less for the single transformants carrying the scorpion neurotoxin gene and 8-fold 
less for the double transformants carrying both genes. The lack of synergism in the case of 
binary transformants was explained with the degradation of the scorpion neurotoxin by the 
PrlA protease. The results suggested that the virulence improvement in binary transformants 
is mainly attributable to the secretion of PrlA. This study also emphasized the necessity to 
evaluate protein interactions when performing genetical modifications with multiple genes 
including proteases. 
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Conclusion 

A common feature between different entomopathogenic fungi is the involvement of 
extracellular hydrolases including proteolytic enzymes in the biocontrol process. 
Identification of pathogenicity-related proteases from different entomopathogenic fungi helps 
us to gain information on host preference, substrate selection and pathogenicity-related 
domains at the protein level. Such information will be important for improving the efficacy of 
mycoinsecticides. Several extracellular proteases have been purified and characterized from 
Metarhizium and Beauveria species, and for some of them, the complete sequences of the 
encoding genes are already available. The majority of the described enzymes belong to the 
family of serine proteases, however, the expression of other types like metalloproteases and 
aminopeptidases under biocontrol-related conditions was also demonstrated. Detailed 
knowledge on protease genes and enzymes involved in fungal biocontrol will assist further 
strain improvement enabling the overexpression of genes encoding effective proteases. 

Nowadays, more and more fungal species are subjected to genome sequencing and 
analysis, and genomic approaches like ESTs proved very useful for the large-scale 
identification of fungal genes. Therefore it can be expected in the near future, that the amount 
of data on extracellular proteases will further increase, thus providing more insight into the 
role of host protein degradation by entomopathogenic fungi during the biocontrol process. 
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Abstract 

Hyperthermophilic microorganisms thrives at temperatures higher than 80°C and 
proteins and enzymes extracted from these sources are optimally stable and active in the 
presence of temperatures close to the boiling point of water and of other denaturants, i.e. 
chaotropic agents, pH, organic solvents, detergents, etc. Therefore, hyperstable enzymes 
are considered attractive alternatives in biocatalysis and in chemo-enzymatic synthesis. In 
addition, the molecular bases of the extreme stability to heat and to the ability to work 
optimally at high temperatures are not completely understood and intrigued biochemists, 
enzymologists, and biophysics in the last twenty years. In particular, hyperstable 
glycosidases, enzymes catalysing the hydrolysis of O- and A-glycosidic bonds, have been 
studied in detail as they are simple model systems promoting single-substrate reactions, 
and, more importantly, can be exploited for the enzymatic synthesis of oligosaccharides. 
The importance of these molecules increased enormously in recent years for their 
potential application in biomedicine. Hyperstable glycosidases, working in 
transglycosylation mode, can be excellent alternatives to the classical chemical methods 
helping in the control of regio- and stereoselectivity as conventional enzymes, but also 
resisting to the organics used in chemical synthesis. We will review here recent advances 
in the isolation and characterization of glycosidases from hyperthermophilic 
microorganisms and the methods used for their application in oligosaccharide synthesis. 


To whom the correspondence should be addressed: Tel. +39-081-6132564; Fax +39-081-6132277; (E-mail 
b. cobucciponzano @ibp. cnr. it). 
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Introduction 

Carbohydrates serve as structural components and energy source of the cell and are 
involved in a variety of molecular recognition processes in intercellular communication 
[Varki 1993; Sears and Wong 1996]. The knowledge that these biomolecules have a key 
informative role in biology is becoming more obvious every day confirming their potential as 
therapeutic agents [Zopf and Roth 1996]. For these reasons, great interest arose in 
carbohydrate-based compounds and the development of techniques for the analysis and 
synthesis of oligosaccharides. However, despite the advances achieved with both regio- and 
stereoselectivity [Toshima and Tatsuta 1993], the synthesis of complex carbohydrates for 
large-scale production still cannot be easily performed by the classical chemical procedures, 
which require long protection-deprotection steps and give low final yields. Thus, the enzyme- 
catalyzed synthesis of oligosaccharides represents an interesting alternative to the classical 
chemical methods, allowing the control of both the regioselectivity and the stereochemistry of 
bond formation. 

The enzymatic approach involves mainly two class of enzymes: glycosyl transferases and 
glycoside hydrolases. Glycosyl transferases have been used for oligosaccharide synthesis 
[Gijsen et al. 1996], but their low availability and the high cost of their substrates have limited 
their exploitation. Glycoside hydrolases, a widespread group of enzymes that hydrolyse 
glycosidic bonds, allow the use of relatively inexpensive substrates, representing an 
alternative choice. They play multiple roles in the cell such as the degradation of poly- and 
oligosaccharides to be utilized as energy sources, the hydrolysis of the cell-wall 
polysaccharides for the plant cell division, and the turnover of glycoconjugates involved in 
several biological functions. Thousands of genes encoding for glycoside hydrolases are 
known and they have been classified in more than 100 families and 14 clans on the basis of 
their sequence similarity (http://www.cazy.org) [Cantarel et al. 2008]. These enzymes follow 
two distinct mechanisms, which are termed inverting or retaining , depending on whether the 
enzymatic cleavage of the glycosidic bond liberates a sugar hemiacetal with the opposite or 
the same anomeric configuration compared with the glycosidic substrate, respectively. 
Inverting enzymes use a direct displacement mechanism in which the two carboxylic acid 
residues in the active site are positioned so that one acts as a general acid and the other 
provides general base catalytic assistance to the attack of water. The catalytic mechanism of 
retaining enzymes (Figure 1) proceeds via a two-step double-displacement mechanism 
involving the formation of a covalent glycosyl intermediate. The two carboxylic residues in 
the active site play different roles in this case, one acting as the nucleophile and the other as a 
general acid or base catalyst of the reaction. In the first step, termed glycosylation, the 
concerted action of the nucleophile and of the general acid residues leads to glycosidic 
oxygen protonation and the departure of the aglycon group with the formation of a glycosyl- 
ester intermediate. In the second step (deglycosylation), a water molecule partially 
deprotonated by the conjugate base of the catalytic acid attacks the anomeric carbon and 
cleaves the glycosyl-ester intermediate, leading to the overall retention of the anomeric 
configuration of the substrate. When acceptors other than water intercept the reactive 
glycosyl-enzyme intermediate, retaining enzymes work in transglycosylation mode. This 
property makes the retaining glycoside hydrolases interesting tools for the synthesis of 
carbohydrates. 
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Figure 1. Reaction mechanism of retaining b-glycosidases. R: aglycon group. R’ = H, hydrolysis. R’ = 
alcohol, transglycosylation. 

Despite the differences, the two mechanisms show significant similarities: both classes of 
enzymes employ a pair of carboxylic acids at the active site and both mechanisms operate via 
transition states with substantial oxocarbenium ion character. However, strong evidence 
indicates that a covalent intermediate is formed in retainers [Sinnot 1990; McCarter and 
Withers 1994]. 

The identification of key active-site residues in glycoside hydrolase is crucial to 
understand the catalytic mechanism [McCarter and Withers 1994; Zechel and Withers 2000], 
to allow the classification of this class of enzymes [Henrissat and Bairoch 1993; Henrissat 
and Davies 1997], and to produce glycoside hydrolases with novel characteristics [Perugino 
et al. 2004]. These residues can be identified by many techniques [McCarter and Withers 
1994; White and Rose 1997; Ly and Withers 1999]. Successful approaches for the 
identification of the nucleophile residues include specific labeling with mechanism-based 
inhibitors such as activated 2-deoxy-2-fluoro-glycosides, in combination with mass 
spectrometry, amino acid sequence alignment, and crystal structure inspection [Zechel and 
Withers 2000]. Among others, the use of mechanism-based inhibitors is nowadays the most 
powerful method for the direct identification in retainers of the carboxyl group acting as the 
nucleophile of the reaction, even in the absence of the amino acid sequence of the enzyme 
[Withers and Aebersold 1995]. By contrast, no reliable chemical methods for the 
identification of the acid/base catalyst are currently available. Site-directed mutagenesis 
followed by kinetic analysis of the mutants remains, however, the approach most used for the 
definition of the role played by the active site carboxylic groups. Aspartic/glutamic acid 
residues identified by sequence analysis and conserved in the family of interest are mutated. 
Mutations of the catalytic residues with non-nucleophilic amino acids lead to the strong 
reduction or even abolition of the enzymatic activity [Ly and Withers 1999]. However, these 
mutants can be reactivated in the presence of external nucleophiles such as sodium azide. 
Reactivated mutants in the acid/base catalyst produce glycosyl-azide with the same anomeric 
configuration of the substrate (Figure 2A) By contrast, the isolation of glycosyl-azide 
products with an anomeric configuration opposite to that of the substrate allows the 
identification of the catalytic nucleophile of the reaction (Figure 2B) [Ly and Withers 1999]. 
The classification of glycoside hydrolases into families and superfamilies on the basis of their 
amino acid sequence and three-dimensional (3-D) structure are commonly used to identify the 
active site residues and the reaction mechanism of any newly identified glycosyl hydrolase. 
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A) 



B) 



Figure 2. Azide rescue of an acid/base catalyst (A) and a nucleophile (B) mutant of a retaining b- 
glycosidase. R: aglycon group. 

Glycosidases are exploited in synthetic reactions by two main approaches, reverse 
hydrolysis (equilibrium-controlled synthesis) or transglycosylation (kinetically controlled 
process), in which the glycosyl-enzyme intermediate is transferred to an acceptor other than 
water. The former method offers modest yields of oligosaccharide products [Withers 2001], 
whereas kinetically controlled synthesis, which requires a retaining glycosidase, provides 
better yields (10 to 40%), but is not generally economical for large-scale synthesis. In fact, 
since the product of the reaction is a new substrate for the enzyme it can be hydrolyzed to 
reduce the final yields of the reaction. Thus, in order to maintain high yields, the reaction 
conditions have to be strictly controlled. To avoid these problems, a new class of engineered 
glycosidase has been produced to promote the synthesis of sugars with almost quantitative 
yields; these novel enzymatic activities have been termed glycosynthases (reviewed in 
Perugino et al. 2004; Perugino et al. 2005, and Hancock et al. 2006). These enzymes, 
developed for the first time in 1998 in the laboratory of Stephen Withers, are retaining 
glycoside hydrolases mutated in the catalytic nucleophile, that synthesise complex 
oligosaccharides in high yields [Mackenzie et al 1998]. Because of the essential nature of 
this residue, when it is mutated with a non-nucleophilic amino acid (typically Ala, Gly, or 
Ser) the mutant is almost completely inactive. Nevertheless, the rest of the active site is intact 
and the small cavity created on mutation can accommodate a small anion (i.e. sodium 
formate). Under these conditions and in the presence of a substrate with good leaving group 
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ability, which assists the glycosylation step of the reaction, the activity of the mutant can be 
restored (Figure 3A). The methodology described can be usefully applied to the synthesis of 
carbohydrates. In fact, these modified glycoside hydrolases, lacking their catalytic 
nucleophile, can act only on activated substrates by synthesizing new glycosidic bonds but 
cannot hydrolyze the products formed. These compounds, in fact, show groups with poor 
leaving ability, which are resistant to the attack of the external nucleophiles and which 
accumulate in the reaction. In the literature, several P-glycoside hydrolases modified in 
glycosynthases are reported, demonstrating that this methodology could be of general 
applicability for P-glycoside hydrolases, involving both exo- and endo-Q nzymes from diverse 
sources and with different functions and specificities [Perugino et al. 2004]. 

A) 



Figure 3. Reaction mechanism of retaining (A) and inverting (B) p-glycosynthases. R’: alcohol. 


Glycoside Hydrolases form Hyperthermophiles 

Among the glycoside hydrolases available, the enzymes from hyperthermophilic 
microorganisms are of particular interest for both basic and applied research. In fact, the 
function of the glycoconjugates identified in hyperthermophiles and of the enzymes involved 
in their synthesis and degradation is still largely unknown [Lower and Kennedy 2002]. On the 
other hand, the harsh conditions of growing of these organisms (temperatures > 80°C) have 
hindered in vivo microbiological and genetic studies; therefore, the isolation of the genes 
encoding for hyperthermophilic glycoside hydrolases and the detailed enzymological 
characterization is the only approach to define their role in vivo. In addition, the rise of 
interest in thermophilic enzymes, or thermozymes, as potential biotechnological tools is 
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historically based on their intrinsic resistance to the harsh conditions used in several 
bioprocesses, such as high temperatures, high concentrations of substrate, and organic 
solvents. However, the interest in thermozymes is also motivated by their biodiversity, which 
has revealed novel enzymatic activities [Hough and Danson 1999]; in particular, thermophilic 
glycoside hydrolases show peculiar enzymological properties, such as unique substrate 
specificities or reduced substrate/product inhibition [Trincone et al. 1991], and allow the 
synthesis of new products that are not produced by their mesophilic counterparts [Fischer et 
al. 1996]. 

Sulfolobus solfataricus is an extremely thermoacidophilic archaeon which thrives in hot 
springs at 80-87 °C and pH 2.0-3.0. The genome of this microorganism has been completely 
sequenced [She et al. 2001] and revealed genes encoding for 22 putative glycosyl hydrolases 
and 33 putative glycosyl transferases. Remarkably, 36% of the glycosyl hydrolases maps in a 
region of the genome of about 70 kb, and are likely to be involved in the degradation of 
sugars for energy metabolism. However, the lack, so far, of molecular genetic tools for these 
microorganisms has hampered the experimental testing of the in vivo function of these genes. 
In the framework of the exploitation of glycosyl hydrolases from hyperthermophiles for the 
synthesis of useful oligosaccharides, the sequence of the S. solfataricus genome has provided 
access to a number of novel glycoside hydrolases. 

In this chapter the study of three glycosyl hydrolases from this archaeon, focussing on 
their use in the synthesis of oligosaccharides, will be described. 


The P-D-Glycosidase 

The P-glycosidase from S. solfataricus (SsP-gly), classified in Family 1 of glycosyl 
hydrolases (GH1), has been extensively studied and an increasing amount of structural and 
biochemical data on this enzyme is available in several reviews [Moracci et al., 1994, 
Moracci et al., 2001]. The enzyme is a homotetramer (240 kDa) with 56-kDa subunits; it is 
thermostable (half life 48 hr at 85 °C), resistant to detergents and organic solvents and shows 
maximal activity above 95 °C [Pouwels et al. 2000]. Recombinant SsP-gly has been 
crystallised and the 3D-structure has been solved at 2. A [Gloster et al. 2004]. The enzyme 
follows a retaining reaction mechanism (Figure 1) with the Glu206 and Glu387 residues 
acting as the acid/base catalyst and the nucleophile of the reaction, respectively [Moracci et 
al. 1996]. 

Interesting properties of SsP-gly include wide substrate specificity, the ability to 
hydrolyse oligosaccharides from their non-reducing end, and to perform oligosaccharide 
synthesis by transglycosylation reactions with yields ranging between 10-40% [Cobucci- 
Ponzano et al. 2003]. The wide substrate specificity of SsP-gly in the reaction of hydrolysis 
was confirmed also in the synthesis by using, in transglycosylation reactions, alkyl- and aryl- 
alcohols acceptors and different aryl-glycosides as donors [Cobucci-Ponzano et al. 2003]. The 
study of the stereo- and regioselectivity of the enzyme revealed that the primary hydroxyl 
groups were always favoured if compared to the secondary hydroxyl groups, although the 
overall regioselectivity of the reaction depended on the complexity of the molecule. The yield 
of the reaction depended upon chain length and OH position but a marked improvement can 
be obtained increasing the molar excess of alcohol. In this respect, the increased stability of 
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Ssp-gly to organic solvents allowed the use of reaction mixtures in which the alcohol and/or 
organic cosolvent concentrations were up to 95-97%. 

The glycosynthase derived from Ssp-gly (Ssp-glyE387G), the first hyperthermophilic 
enzyme of this class, promoted the oligosaccharide synthesis from activated aryl-P-glycosides 
in the presence of sodium formate as external nucleophile by following the mechanism 
described in Figure 3A [Moracci et al. 1998; Trincone et al. 2000]. In fact, SsP~glyE387G is 
almost completely inactive, but it can host a donor with the same anomeric configuration of 
the wild type enzyme (p-anomer). In the first step of the reaction, the external nucleophile 
finds room in the active site of the enzyme and attacks the anomeric centre of the substrate. In 
the same time, the acid/base catalyst promotes the departure of the aglycon group of the 
substrate whereas sodium formate and the glyconic group form a metastable intermediate. At 
this stage, it is essential that the aglycon group of the activate substrate has good chemical 
leaving ability. In fact, the mutation greatly slows the first step of the reaction and the 
enzyme, even in the presence of the formate ion, cannot hydrolyze stable substrates. In the 
second step, the attack of the intermediate by an acceptor molecule, together with the action 
as general base of the carboxylate, completes the reaction allowing the formation of the 
product. The oligosaccharides produced by the enzyme accumulate in the reaction mixture for 
the reasons stated above, in fact, they are not activated donors and can not be hydrolysed by 
the glycosynthase. These enzymes were named retaining glycosynthases [Perugino et al. 
2004]. 

In addition to this mechanism it has been demonstrated that *Ssp-glyE387G, in the 
presence of a substrate with an anomeric configuration opposite to that of the natural 
substrate, typically, a-glycosyl-fluoride (a-F-Glc) for p-glycosynthases, the enzyme catalyses 
the synthesis of oligosaccharides by transferring the a-F-Glc donor to sugar acceptors (Figure 
3B). The oligosaccharide products, containing bonds in the P-anomeric configuration, cannot 
be hydrolysed by the mutant and accumulate in the reaction [Mackenzie et al. 1998; Malet et 
al. 1998]. On the basis of the anomeric configuration of the donor and the acceptor, the 
enzymes following the mechanism shown in Figure 3A were named inverting glycosynthases 
[Perugino et al. 2004]. 

Remarkably, Ssp-glyE387G was able to follow both mechanisms shown in Figure 3. In 
the presence of 2M sodium formate as external nucleophile and activated P-glycoside donors, 
such as 2,4-dinitrophenyl- or 2-nitrophenyl-P-Glc and 2-nitrophenyl-P-Fuc, SsP-glyE387G 
followed the reaction mechanism shown in Figure 3B producing branched oligoglucosides 
(85% total efficiency, with 50% disaccharides, 40% trisaccharides and 10% tetrasaccharides 
using 2-Np-P-Glc) [Trincone et al 2000]. In addition, in the presence of a-F-Glc substrate, 
SsP-glyE387G synthesised 2-NP-P-D-laminaribioside in 90% yields by following the 
mechanism in Figure 3B [Trincone et al 2000]. 

After the first hyperthermophilic glycosynthase, three more enzymes of this class were 
produced by engineering the p-glycosidases from Thermosphaera aggregans , Pyrococcus 
furiosus, and Pyrococcus horikoshii [Perugino et al. 2003; Perugino et al. 2006]. 
Interestingly, we reported that the synthetic activity of these retaining glycosynthases could 
be greatly enhanced at acidic conditions [Perugino et al. 2003]. In fact, the reaction 
mechanism of retaining glycosynthases involves a glycosylation step in which the general 
acid/base catalyst and the formate ion co-operate (Figure 3A). The removal of the catalytic 
nucleophile in retaining glycosidases causes a downward shift in the pK a of the acid/base 
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catalyst [McIntosh et al. 1996]. Consequently, this group, which is ionised at neutral pH, 
could perform the first step of the reaction less efficiently. To maintain the acid/base group in 
the protonated catalytically efficient form, glycosynthetic reactions were performed in sodium 
formate buffer pH 3.0-6.0. At these conditions, the Ssp-glyE387G enzyme, and the 
glycosynthases from T. aggregans and P. furiosus , showed improved efficiency in the 
synthetic reaction and enhanced synthetic repertoire [Perugino et al. 2003]. 

The branching functionalisation is a unique characteristic of the glycosynthases from S. 
solfataricus and T. aggregans and it has never been reported for other enzymes of this kind. 
T. aggregans and S. solfataricus glycosynthases differ in their regioselectivity: the former 
synthesises the glucose disaccharides p-1,3: P-1,4: P-1,6 as 59:28:12 ratios whereas the 
composition of the regioisomers synthesised by the enzyme from S. solfataricus was 80:2:18 
[Perugino et al. 2003]. The compounds produced can be of applied interest in the 
pharmaceutical and food fields [Kiho et al. 1992] and can also be used as new substrates 
and/or inhibitors for glycosidases. 

The ability of the hyperthermophilic glycosynthases to promote the synthesis of 
oligosaccharides is a clear example of how the unique characteristics of stability to high 
temperatures and acidic pH of the glycosidases from hyperthermophilic archaea allows the 
development of a novel strategy for the chemo-enzymatic synthesis of oligosaccharides. 


The oi-D-Xylosidase 

Among the putative glycosyl hydrolases present in S. solfataricus , an a-D-xylosidase 
(XylS), was identified. The gene, which is actively transcribed in the archaeon, was cloned 
and expressed in E. coli , producing an enzyme that, in native conditions, is a monomer of 
about 85 kDa [Moracci et al. 2000]. XylS displays maximal activity at 90°C and high stability 
to heat (half life of 38 h at 90°C) and reveals clear selectivity for xylose-containing substrates 
such as 4-nitrophenyl-a-D-xyloside (4-Np-a-Xyl) and the disaccharide isoprimeverose (a-D- 
xylopyranosyl-(l,6)-D-glucopyranose), which is the disaccharidic unit of the hemicellulose 
xyloglucan, and 4-Np-p-isoprimeveroside which are hydrolysed from the non-reducing end 
showing that the enzyme is an exo-glycosidase (Table 1) [Moracci et al., 2000]. In contrast, 
the activity on maltose and different maltooligosaccharides is lower, and completely absent 
on isomaltose, trehalose, and sucrose. It is worth noting that the extreme specificity of the 
exo-xylosidase activity of XylS has been exploited to characterize complex oligosaccharides. 
In fact, XylS, coupled to a p-glucosidase, was used to determine unequivocally the structure 
of a xyloglucan oligosaccharide synthesized by a novel a-xylosyltransferase from 
Arabidopsis [Faik et al 2002]. 

Xyloglucan, the principal hemicellulose component in the primary cell wall and one of 
the most abundant storage polysaccharides in seeds, is widely distributed in plants. 
Xyloglucans are involved in complex biological roles. For instance, some xyloglucan 
oligosaccharides can promote the elongation of stem segments [Lorences and Fry 1994] and 
therefore play a role in the regulation of plant growth. In plant seeds, the hydrolysis of 
xyloglucan occurs after germination, during the mobilization of this storage polysaccharide. 
This polymer is composed of a P-(l,4)-glucan backbone, with a-(l,6)-D-xylose groups linked 
to about 75% of the glucosyl residues. 
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Table 1. Kinetic constants of XylS 

Substrates 

kcat 

(s' 1 ) 

K m 

(mM) 

kcat/K-M 

(s'W' 1 ) 

4-NP-a-xylopyranoside 

4.69 ± 0.27 

17.0 + 2.1 

0.28 

4-NP-P-isoprimeveroside 

16.0+1.6 

1.72 + 0.46 

9.30 

4-NP-a-glucopyranoside 

0.05 ± 0.00 

2.05 ± 0.44 

0.02 

Isoprimeverose 

31.0+1.5 

28.9 + 3.5 

1.07 

Maltose 

1.51+0.07 

17.0 + 3.2 

0.09 

Maltotriose 

0.92 ± 0.04 

3.45 + 0.97 

0.27 



▲ v • A 

glc xyl gal fuc 

Figure 4. Schematic structure of a xyloglucan oligosaccharide. 

Thus, the disaccharide isoprimeverose represents the building block of xyloglucan. 
Additional ramifications of P-D-galactosyl-(l ,2)-a-xylosyl and a-L-fucosyl-(l ,2)-P~D- 
galactosyl-(l,2)-a-xylosyl chains are a-(l,6)-linked at a lesser extent to the main backbone 
(Figure 4) [Crombie, et al 1998]. XylS is active on xyloglucan oligosaccharides from which it 
produces xylose, suggesting that the enzyme recognizes isoprimeverose units at the non¬ 
reducing end of xyloglucan fragments and promotes the release of xylose residues from these 
compounds [Moracci et al 2000]. 
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In the xyloglucan polymer, xylose groups are a-l,6-linked to most of the glucose units 
forming the p-(l,4)-glucan backbone of this polysaccharide and the incubation of XylS and 
*Ssp-gly enzymes determined the complete hydrolysis of the oligosaccharides. In fact, XylS 
and *SsP-gly are both exo -acting enzymes, thus, they could attack alternatively the non¬ 
reducing ends of the xyloglucan oligosaccharides. The identification of xylS gene and the 
substrate specificity of its gene product strongly suggest the involvement of this enzyme in 
the degradation of di- and oligosaccharides containing a-l,6-linked xylose, which are the 
building blocks of xyloglucan. Moreover, the cooperation of XylS and *SsP-gly in the 
degradation of xyloglucan oligosaccharides in vitro , and the vicinity of the encoding genes on 
the S. solfataricus chromosome could suggest that the two enzymatic systems are functionally 
related also in vivo. The solfataric fields, in which S. solfataricus grows under aerobic 
conditions, are rich in plant debris containing hemicellulosic material. XylS in vivo could 
recognize isoprimeverose units at the non-reducing end of xyloglucan fragments and promote 
the release of the xylose that can be used as an energy source. However, the complex 
structure of xyloglucan would require the combined action of several enzymatic activities and 
protein transporters for its efficient hydrolysis and assimilation. 

The importance of xyloglucan oligosaccharides in several biological events determined 
the need of purified xyloglucan oligosaccharides and isoprimeverose for enzymological and 
metabolic studies [Lorences and Fry 1994; Chaillou et al. 1998]. Relatively little is known 
about the mechanism of xyloglucan degradation and the enzymatic systems involved in the 
metabolism of xyloglucan oligosaccharides and isoprimeverose. These compounds can be 
prepared by several steps of hydrolysis of the natural polymer xyloglucan by different 
glycoside hydrolases [Kato and Matsuda. 1980]. This approach is limited by the huge number 
of different enzymatic activities required and by the production of mixtures of 
oligosaccharides difficult to purify. These drawbacks can be overcome by synthesizing 
isoprimeverose and specific xyloglucan oligosaccharides by using the enzymes involved in 
the degradation of xyloglucan in transglycosylating mode. Interestingly, XylS is able to 
transfer xylose in a transxylosylation reaction. In fact, the enzyme, which follows the 
retaining reaction mechanism as do the other members of GH31, forms 4-nitrophenyl-p- 
isoprimeveroside (11% average yields) by transxylosylation with 4-Np-a-Xyl and 4- 
nitrophenyl-p-D-glucoside (4-Np-p-Glc) as donor and acceptor, respectively (Table 2) 
[Moracci et al. 2000]. Different regioisomers, in which xylose is transferred to different 
glucose positions, possibly the OH in C3 and C4, were observed in trace amounts. Free 
isoprimeverose was obtained, with 10-12% average yields, by using glucose and a-xylosyl 
fluoride as acceptor and donor, respectively [Moracci et al 2001, Trincone et al., 2001]. With 
the same a-xylosyl fluoride donor, and 4-Np-p-cellobioside as acceptor, XylS synthesises the 
trisaccharidic unit of xyloglucan XG (15% average yields) in which xylose is attached on the 
C6 of the external glucose of the acceptor (Table 2). These findings demonstrate that the 
typical exo-acting hydrolysis of this enzyme is also operative in synthetic mode [Trincone et 
al., 2001; Cobucci-Ponzano et al, 2003a]. For these reasons, XylS could be used for the 
synthesis of the building blocks of xyloglucan oligosaccharides, which, acting as growth 
regulators of plant cells, may find application in agro-food technology. 
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Table 2. Oligosaccharide synthesis by the a-xylosidase from S. solfataricus 


Donor Acceptor Products 



1. R 1 =a-Xyl; R 2 =R 3 =H 

2. R x =R 2 ; R 3 =a-Xyl 

3. R 1 =H;R 2 =a-Xyl; R 3 =H 


The a-L-FucosiDASE 

The interest in a-L-fucosidase and fucosyl-transferase activities is due to the central role 
of fucosylated oligosaccharides in a variety of biological events [Staudacher et ah, 1999]. a- 
L-Fucosidases (3.2.1.51) are evo-glycosidases capable of cleaving a-linked L-fucose residues 
from glycoconjugates, in which the most common linkages are a-(l,2) to galactose and a- 
(1,3), a-(l,4), and a-(l,6) to A-acetylglucosamine residues. These compounds are involved in 
a variety of biological events as growth regulators and as the glucidic part of receptors in 
signal transduction, cell-cell interactions, and antigenic response [Vanhooren and Vandamme 
1999]. The central role of fucose derivatives in biological processes explains the interest in a- 
L-fucosidase and fucosyl-transferase activities. 

Family 29 of glycoside hydrolases classification (GH29) groups a-L-fucosidases from 
plants, vertebrates, and pathogenic microbes of plants and humans [Henrissat 1991]. The first 
archaeal a-L-fucosidase was identified in S. solfataricus (reviewed in Cobucci-Ponzano et al 
2008). The analysis of the genome of S. solfataricus [She et al. 2001] revealed the presence of 
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the gene fucAl, consisting of two ORFs, SSOl 1867 and SS03060, encoding for polypeptides 
of 81 and 426 amino acid that are homologous to the N- and the C-terminal parts, 
respectively, of full-length bacterial and eukaryal GH29 fucosidases [Cantarel et al. 2008]. 
The two ORFs, actively co-transcribed in vivo , are separated by a -1 frameshift in a 40 bases 
overlap and lead to a truncated product. This suggested that the gene is expressed in vivo by a 
mechanism of recoding , consisiting of a localized deviation from the standard tmslational 
rules, called programmed -1 frameshifting [Cobucci-Ponzano et al 2003b; Cobucci-Ponzano 
et al 2006]. In fact, a detailed analysis of the DNA sequence of the region of overlap between 
the two ORFs revealed the presence of a stretch of six adenines followed by a thymine 
(Figure 5A) that resembles one of the heptamers involved in programmed -1 frameshifting. 
This is a mechanism of regulation of the expression of a minority of genes already reported in 
Eucarya and Bacteria, but not in Archaea, in which the modification of the translational frame 
takes place in a programmed way [Farabaugh 1996]. Typically, the sites cis-regulating these 
events consist of a ‘slippery’ heptameric sequence of the general form X-XXY-YYZ (codons 
are in the zero frame and X, Y and Z can be identical or different nucleotides) and a 
downstream mRNA secondary structure that promotes the pausing of the ribosome 
facilitating the frameshifting at the slippery sequence [Farabaugh 1996]. A similar 
organisation was found in the region of overlap between the ORFs SSOl 1867 and SS03060, 
which shows the slippery sequence A-AAA-AAT immediately followed by a stem-loop 
(Figure 5A). In the mechanism of programmed -1 frameshifting proposed for Eukarya and 
Bacteria, two tRNAs, hybridised to the XXY and YYZ codons of the X-XXY-YYZ sequence, 
are proposed to slip simultaneously backwards on the mRNA to the -1 frame, hybridising to 
XXX and YYY codons. The AAT triplet, coding for Asn78 in SSOl 1867, corresponds to the 
YYZ codon, and is the last one decoded in the zero frame [Farabaugh 1996]; after this triplet, 
the ribosome would shift onto the TTC codon of the PhelO (SS03060 numbering) continuing 
the translation in the -1 frame (Figure 5A). To restore a single frame between the two ORFs, a 
T in the region following the slippery heptamer and the conservative mutation AAA ->/AAG 
(encoding for Lys77 in SSOl 1867), to increase the translational fidelity by disrupting the 
heptameric sequence, were inserted (Figure 5B). These mutations were designed on the basis 
of the programmed -1 frameshifting mechanism. The single ORF obtained was used to 
express the enzyme in E coli. The native recombinant enzyme, named Ssa-fuc, showed high 
specificity for the 4-NP-a-L-fucoside (4-NP-a-L-Fuc) substrate at 65°C (K M and k cat values of 
0.028/± 0.004 mM and 2879/± 11 s' 1 , respectively; k cat /K M 10,250 s'mM' 1 ). Moreover, Ssa- 
fuc is thermoactive and thermostable, as expected for an enzyme from a hyperthermophilic 
microorganism. The optimal temperature of the enzyme is 95°C and it displayed high stability 
at 75°C, showing even 40% activation after 30 min of incubation and maintaining 60% 
residual activity after 2 h at 80°C [Cobucci-Ponzano et al 2003b]. Small angle X-ray 
scattering experiments revealed that Ssa-fuc is a nonamer of 57 kDa molecular mass 
subunits, showing an unusual oligomeric assembly resulting from the association of nine 
subunits, endowed with 3-fold molecular symmetry [Rosano et al. 2004]. 

It is worth noting that the mutation inserted to obtain the recombinant Ssa-fuc was 
designed on the basis of the programmed -1 frameshifting mechanism [Farabaugh 1996] 
therefore, the functionality of the full-length enzyme gave support to the hypothesis that a 
translational recoding event, known so far only in Eukarya and Bacteria [Baranov et al. 2002] 
could be used to regulate the expression of this gene in S. solfataricus [Cobucci-Ponzano et 
al. 2005a]. 
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Figure 5. The a-L-fucosidase wild type gene organization (A) and preparation of the full-lenght mutant 
Ssa-fuc (B). The adjacent ORFs SSOl 1867 and SS03060 and the sequence of overlap are shown. The 
slippery sequence is underlined. The mutated bases are indicated with a star. 

More recently, the study of the expression of the wild-type split gene fucAl and of its 
site-directed mutants in the slippery sequence demonstrated that fucAl is expressed by 
programmed -1 frameshifting in both E. coli and S. solfataricus. This was the first 
experimental demonstration that this kind of recoding is present in the Archaea domain of life 
and, thus, universally conserved [Cobucci-Ponzano et al 2006]. 

Ssa-Fuc is capable of functioning in transglycosylation mode as reported for several 
mesophilic a-fucosidases [Murata et al 1999; Farkas et al 2000]. The synthetic ability of the 
thermophilic enzyme was demonstrated by using, in transfucosylation reactions, 4-NP-a-L- 
Fuc and 4-nitrophenyl-a-D-glucoside (4-NP-a-D-Glc) as donor and acceptor, respectively. 
The fucosylated products, with 14% total yield with respect to 4-NP-a-L-Fuc, were 
disaccharides of the acceptor in which the a-L-fucose moiety is attached at positions 2 and 3 
of Glc (a-L-Fucp-( 1,2)-a-D-Glc-(9-4-NP and a-L-Fuc/>( 1,3)-a-D-Glc-(9-4-NP, respectively) 
[Cobucci-Ponzano et al. 2003b]. In addition, the a-anomeric configuration of the 
interglycosidic linkages in the products demonstrated, for the first time by following 
transglycosylation reaction, that GH29 a-fucosidases follow a retaining reaction mechanism 
[Cobucci-Ponzano 2003b]. The hydrolytic activity of *Ssa-fuc on the disaccharide a-L-Fuc- 
(l,3)-a-L-Fuc-0-4-NP revealed that the enzyme is an evo-glycosyl hydrolase that attacks 
substrates from their non-reducing end [Cobucci-Ponzano et al 2003b]. 

The nucleophile of GH29 a-L-fucosidases was identified, for the first time, by 
reactivation with sodium azide of a site-directed mutant of Ssa-fuc and by analyzing the 
anomeric configuration of the fucosyl-azide product [Cobucci-Ponzano et al. 2003c]. The 
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residue Asp242, invariant in all members of the family, was changed into glycine by site- 
directed mutagenesis to completely remove the side chain of the aspartic acid. The Ssa- 
fucD242G mutant showed a £ cat of 0.24 s" 1 , on 4-NP-a-L-Fuc, which is 1.0 x 10" 3 times that 
of the wild-type activity (245 s" 1 ). In the presence of 2M sodium azide the mutant revealed a 
^ cat value of 11 s" 1 , indicating a 46-fold activation by azide (Table 3) [Cobucci-Ponzano et al 
2003b]. This activation falls in the range of chemically rescued activities of p-glycoside 
hydrolases [Wang et al 1994; Viladot et al 1998]. The reactivation experiment with sodium 
azide indicated that the D242G mutation affected a residue involved in catalysis in Ssa-fuc 
[Cobucci-Ponzano et al. 2003c]. As mentioned in the Introduction, one of the methods used to 
identify the acid/base or the nucleophile of the glycosidases is to characterise the 
stereochemistry of the products of mutants reactivated by azide [Ly and Withers 1999]. The 
isolation of glycosyl-azide products with an anomeric configuration opposite to that of the 
substrate would allow the identification of the catalytic nucleophile of the reaction. In this 
case, in fact, the azide acts as nucleophile of the reaction leading to a stable product. The 
fucosyl-azide product obtained by the Ssa-fucD242G mutant was found in the inverted (p-L) 
anomeric configuration compared with the substrate. This finding allowed, for the first time, 
the unambiguous assignment of Asp242 and its homologous residues as the nucleophilic 
catalytic residues of GH29 a-L-fucosidases [Cobucci-Ponzano et al 2003c]. 

The azide rescue method has been used so far only for retaining p-D-glycosidases, 
whereas it has never been used for retaining a-(D/L)-glycosidases, and it is generally based 
on substrates that are very reactive (showing leaving groups with pATa < 5) to facilitate the 
first step of the reaction [Shallom et al. 2002]. Therefore, it is worth noting that Ssa- 
fucD242G was efficiently reactivated on 4-NP-a-L-Fuc, which shows leaving group with pATa 
= 7.18. By comparison, P-glycosidases from GH1 and GH52, mutated in the nucleophile, 
could not be reactivated by azide on 4-NP-glycosides, but require substrates with excellent 
leaving groups for an efficient chemical rescue of their activity [Moracci et al 1998; Shallom 
et al 2002]. The identification, for the first time, of the nucleophile of a a-L-glycosidase by 
following this approach showed that it could be of general applicability for retaining 
enzymes. 

Table 3. Steady-state kinetic constants of wild type and mutants a-fucosidases 



kcat 

(s' 1 ) 

K m 

(mM) 

(s' 1 mM" 1 ) 

Wild type 

D242G 

287±11 

0.028±0.004 

10,250 

+ sodium azide 

9.66±0.28 

0.19±0.02 

51.55 

+ sodium formate 

5.91±0.20 

1.03±0.11 

5.76 

H46G 

419±99 

17.0±5.7 

25 

H123G a 

ND b 

ND b 

5.96 

E58G a 

ND b 

ND b 

2.63 

E292G 

1.860±0.093 

0.056±0.013 

33 


a No saturation observed on up to 25 mM 4NP-Fuc; the specificity constants were calculated from the 


Lineweaver-Burk plots. 
b Not Determined. 
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By following a different approach, the corresponding residue of the a-L-fucosidase from 
the hyperthermophilic bacterium Thermotoga maritima (Tma-fuc) was identified [Tarling et 
al. 2003]. In addition, the same authors obtained the crystal structure of complexes of Tma- 
fuc with a-L-fucose and with a mechanism-based inhibitor. This study allowed the 
identification of Glu266 as the general acid/base catalyst of the enzyme through the 
inspection of the 3D-structure and the detailed kinetic characterization of active-site mutants 
[Sulzenbacher et al. 2004]. Remarkably, although the residues Glu266 and Glu66, with the 
latter being involved in the substrate binding, were both essential for activity, they were not 
conserved in GH29 and could be identified only through inspection of the 3D structure. 

To identify other amino acids involved in the mechanism of reaction as acid/base catalyst 
or have different funcion in Ssa-fuc, several residues that, from sequence alignments of 
GH29 and from the 3D-structure of Tma-fuc, were predicted to be involved in catalysis, were 
modified by site-directed mutagenesis. The kinetic characterization of the mutants Ssa- 
fucH46G and Ssa-fucH123G in Ssa-fuc revealed that these residues are involved in substrate 
binding [Cobucci-Ponzano et al. 2005b] as predicted by the crystal structure of Tma-fuc 
complexed to a-L-fucose [Sulzenbacher et al. 2004]. Thus, the reduced affinity for the 
substrate of Ssa-fucH46G and Ssa-fucH123G mutants (Table 3) and the absence of 
reactivation by external ions clearly support the hypothesis that these residues interact with 
the hydroxyl groups bound to C4 and C2 of the substrate. In contrast, as mentioned above, the 
acid/base catalyst of Tma-fuc, Glu266, and another residue, Glu66, which is also located in 
the active site of the enzyme, are conserved to a lesser extent in GH29. However, a pairwise 
alignment of Ssa-fuc and Tma-fuc showed that these residues corresponded to Ssa-fuc 
Glu58 and Glu292. To determine whether Glu58 or Glu292 was the acid/base catalyst, the 
classical approach was followed in which the glutamic acids are replaced by glycine and the 
obtained mutants are kinetically characterized. The mutation of the residues Glu58 and 
Glu292 almost inactivates the enzymes [Cobucci-Ponzano et al 2005b]. The first diagnostic 
tool to test if the general acid/base has been removed by mutation is the analysis of the steady 
state kinetic constants; in fact, it has been pointed out that, if the acid/base of a retaining 
glycosidase is removed, this affects both steps of the reaction, but the effect depends on the 
substrate used [Ly et al 1999]. In the case of poor substrates, showing groups with worse 
leaving ability (aglycons with p^Ta > 8), the first step of the reaction (glycosylation) requires 
the participation of the general acid/base catalyst. Instead, for good substrates (aglycons with 
pATa < 8), the glycosylation step needs less assistance and the second step of the reaction 
(deglycosylation) is dependent on the assistance of the acid/base catalyst that functions as a 
general base at this stage [MacLeod et al 1996; Vallmitjana et al 2001; Li at al 2002]. The 4- 
NP-a-L-Fuc substrate has a p^Ta value of the leaving group 4-nitrophenol of 7.18 suggesting 
that the limiting step in the hydrolysis is at the borderline between glycosylation and 
deglycosylation and, thus, hampering to establish in advance which is the limiting step of the 
reaction of Ssa-fuc with the 4NP-Fuc substrate. The kinetic characterization of the Ssa- 
fucE58G and Ssa-fucE292G mutants gave unexpected results. In fact, the lack of saturation 
on the 4-NP-a-L-Fuc substrate of Ssa-fucE58G mirrors that of the acid/base mutant in T. 
maritima enzyme (Tma-fucE266A) [Sulzenbacher et al 2004]. Instead, Ssa-fucE292G 
showed the classical behavior of a mutated acid/base catalyst with a 150-fold reduction of k cat 
and a K M almost unchanged (Table 3) [Cobucci-Ponzano et al. 2005b]. In fact, the leaving 
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ability of 4-NP-a-L-Fuc could be good enough to complete the glycosylation step; therefore, 
when the acid/base catalyst is removed, the k cat value, assessing the deglycosylation step, is 
significantly reduced. The reduction in the catalytic rate results in accumulation of the 
fucosyl-enzyme intermediate and consequently determines a decrease of the K M value [Ly et 
al 1999]. Presumably, the K M did not decrease in Ssa-fucE292G because the K M of the wild- 
type is already very low. It is worth noting that the removal of the residue acting as the 
acid/base catalyst in Tma-fuc produced a mutant that could not be saturated with 4-NP-a-L- 
Fuc [Sulzenbacher et. al 2004]. This behavior has never been reported in retaining 
glycosidases and may suggest that the catalytic machinery of a-L-fucosidase may differ from 
those known so far. A second diagnostic tool for the assessment of the acid/base catalyst is 
the pH dependence. Typically, glycosidases have a bell-shaped pH dependence, and when the 
acid/base is removed, the basic limb is severely affected [Ly et al 1999]. Wild-type Ssa-fuc 
has a peculiar pH dependence showing a reproducible increase of activity at pH 8.6 (Figure 
6). This behavior suggests that more than two ionizable groups are involved in catalysis 
[Debeche et al 2002]. The pH profile resulted in a large change in the case of the Ssa- 
fucE58G mutant, producing a typical bell-shaped curve with a pH optimum at 4.6 sharper 
than that of the wild-type (3.0-5.0) (Figure 6), suggesting that the removal of Glu58 
unmasked the ionization of a group responsible for the basic limb (pATa 5.3) and possibly 
increased the pATa of the nucleophile of the reaction mainly determining the acidic limb 
[Cobucci-Ponzano et al. 2005b]. 

The most definite tool to determine the acid/base catalyst is the chemical rescue of the 
activity of the mutants by nucleophilic anions. Replacing the acid/base catalyst with the small 
non-ionizable glycine residue generally reduces dramatically the activity of the mutant. In 
addition, the presence of the glycine results in sufficient space in the active site so that a small 
nucleophile can be accommodated in this cavity after the formation of the glycosyl-enzyme 
intermediate. In these cases, rate enhancement and the isolation of a glycosyl-azide product 
with the same anomeric configuration of the substrate are expected [Ly et al 1999]. Activity 
rate enhancements by means of external nucleophiles is the most effective method to 
unequivocally identify the acid/base catalyst. Remarkably, Ssa-fucE58G was activated by 
more than 70-fold in the presence of sodium azide, formate, acetate, and chloride (Table 4). 
However, no a-fucosyl-azide product could be identified. In striking contrast, the activity of 
Ssa-fucE292G could not be rescued by any of the nucleophiles used. From these results, the 
role of the acid/base catalyst of Ssa-fuc was assigned to Glu58 and suggested that in Ssa-fuc 
a catalytic triad, namely, Glu58, Glu292, and Asp242, is involved in catalysis [Cobucci- 
Ponzano et al. 2005b]. 

Fucose derivatives play a central role in biological processes including the regulation of 
plant growth [de La Torre et al. 2002] and several physiological and pathological events in 
mammals [Listinsky et al. 1998; Mori et al. 1998; Noda et al. 1998]. Therefore, the efficient 
synthesis of fucosylated oligosaccharides has potential applications in biomedicine 
[Vanhooren and Vandamme 1999]. Although the preparation of a glycosynthase from a 
specific glycosidase is, in principle, a simple strategy, this has not led to a large variety of 
different enzymes and the glycosynthases available so far are limited to glycoside families 
GH1, 2, 5, 7, 8, 10, 16, 17, 26 and 31 out of the more than 100 glycosidase families 
described. 
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Figure 6. Dependence on pH of Ssa-Fuc and mutants The wild-type is reported as O, and E58G and 
E292G are reported as • and □, respectively. 


Table 4. Steady-state kinetic constants of wild type and E58G in different buffers 



k-cat 

(s' 1 ) 

K m 

(mM) 

kcat/KM 

(s-’M' 1 ) 

Reaction conditions 

pH 

wt 

287±11 

0.028±0.004 

10,250 

Sodium phosphate 

6.3 


430±49 

0.26±0.09 

1,624 

Sodium citrate 

5.0 

E58G 

ND a 

ND a 

2.63 

Sodium phosphate 

6.3 


143=1=8 

1.6±0.3 

89 

Sodium citrate 

4.6 


586±43 

0.62±0.18 

950 

Sodium acetate 

4.6 


846±46 

1.07±0.18 

790 

Sodium formate 

4.6 


679±32 

2.96±0.43 

229 

Sodium phosphate + NaN 3 

6.3 


a Not Determined; no saturation was observed with up to 25 mM 4NP-Fuc. The specificity constant was 


calculated from the Lineweaver-Burk plots. 

In fact, there are reports of several enzymes which are recalcitrant to becoming 
glycosynthases: for instance, only one a-glycosynthase is known so far [Okuyama et al. 
2002], and enzymes from families 29, 35 and 39 modified to this end, did not yield 
glycosynthases (Cobucci-Ponzano et al. 2003c; Perugino et al. 2005). Attempts to produce a 
fucosynthase from Ssa-fuc were not successful. The mutant Ssa-fucD242G in the presence 
of sodium formate acting as external nucleophile and the substrate 4-NP-a-L-Fuc produced a 
16-fold reactivation, but no fucosylated oligosaccharide could be observed [Cobucci-Ponzano 
et al. 2003b]. The absence of synthetic products could be due to the nature of the ion used to 
the acidic pH exploited or to the insufficient leaving ability of the aglycon group in 4- 
nitrophenol to perform glycosynthesis. The analysis of the activity of the Ssa-fucD242G 
mutant under a variety of conditions, including sodium formate or sodium acetate buffers at 
different pHs, sodium formate, sodium acetate or sodium chloride as different nucleophiles in 
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sodium phosphate buffer, in the presence of glycoside acceptors, and at different 
concentrations of 4-NP-a-L-Fuc substrate donor showed that, under most of the reactivation 
conditions tested, the hydrolytic activity of Ssa-fucD242G was increased [Cobucci-Ponzano 
et al. 2008]. In particular, sodium formate was by far the best nucleophile tested while higher 
concentrations of 4-NP-a-L-Fuc did not improve the activity. Moreover, addition of either a- 
or p-D-gluco, or -galactosides to the reaction mixture did not increase the activity; instead, it 
hampered the chemically rescued activity, suggesting that they were poor acceptors and 
probably compete with 4-NP-a-L-Fuc in the donor site [Cobucci-Ponzano et al. 2008]. 
However, the analysis of the reaction mixture did not reveal any product of synthesis, 
confirming that the mutant did not work as a glycosynthase. Hyperthermophilic p- 
glycosynthases efficiently produced oligosaccharides when using 2-nitrophenyl-p-D- 
glycoside substrates, in which 2-nitrophenol, although having a pKa similar to that of 4- 
nitrophenol (pKa 7.22 and 7.18, respectively), can form a chelate ring by hydrogen bonding, 
thereby increasing the leaving ability upon protonation [Perugino et al. 2003]. However, since 
no a-L-fucosides containing aglycons with a leaving ability better than 4-nitrophenol are 
commercially available, the substrate 2-chloro-4-nitrophenyl a-L-fucopyranoside (2-0-4- 
NP-a-L-Fuc), was synthesized [Cobucci-Ponzano et al. 2008]. The aglycon 2-chloro-4- 
nitrophenol has a pKa of 5.45 [Tehan et al. 2002], which is noticeably lower than that of 4- 
nitrophenol (7.18); this difference making the 2-chloro-4-nitrophenol a much better leaving 
group. The steady-state kinetic constants of the mutant Ssa-fucD242G on 4-NP- and 20-4- 
NP-a-L-Fuc in the presence of 2M sodium azide were compared with those of the wild type 
Ssa-fuc without external ions (Table 5). 

The specificity constant k cat /K M of the mutant on 2-Cl-4-NP-a-L-Fuc was more than 7- 
fold higher than that found on 4-NP-a-L-Fuc [Cobucci-Ponzano et al. 2008]. This activation 
reflected mainly the increment in k cat , while the K M values remained almost unaltered, 
indicating that the affinity of Ssa-fucD242G was the same for 4-NP- and 2-Cl-4-NP-a-L-Fuc. 
Interestingly, the wild type on the latter substrate produced kinetic constants similar to those 
obtained with 4-NP-a-L-Fuc (Table 5), indicating that the different leaving abilities of the 
aglycons in the two substrates did not change the reaction rates [Cobucci-Ponzano et al, 
2008]. In contrast, the presence of the activated leaving group greatly enhanced the activity of 
the mutant showing that the D242G mutation affects the first step of the reaction. 

Table 5. Steady-state kinetic constants of wild type and D242G mutant Ssafuc 



kcat (sec' 1 ) 

K m (mM) 

kcat/KM (sec -1 mM" 1 ) 

D242G+ 2MNaN 3 
4Np-Fuc 

9.66±0.28 

0.19±0.02 

51.55 

2-Cl-4-NP-a-L-Fuc 

55.3±2.7 

0.14±0.02 

384.29 

wild type 

4Np-Fuc 

287±11 

0.028±0.004 

10,250 

2-Cl-4-NP-a-L-Fuc 

157±9 

0.013±0.004 

11,602 
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However, also the impaired catalytic activity of the a-L-fucosidase nucleophile mutant 
was significantly improved in the presence of external ions and of a synthetic aryl-a-L- 
fucoside substrate, the enzyme did not synthesize products and, hence, was not a 
glycosynthase, suggesting that a successful glycosynthetic reaction is the result of a delicate 
balance between the most suitable characteristics of the mutant enzyme, the substrate, and 
external nucleophiles [Cobucci-Ponzano et al, 2008]. The work on this enzyme is currently in 
progress to define the reaction conditions to obtain an a-L-fucosintase. 


Conclusion 

Traditionally, the enzymes from thermophilic sources find most of their applications in 
biotransformations performed under harsh conditions. However, these applications, especially 
in the field of carbohydrate modifications, are of real interest in only a limited number of 
cases. The exploration of the biodiversity of glycosidases from hyperthermophiles can widen 
their applicative perspective. We have shown in this chapter that glycosidases from 
hyperthermophiles can be useful tools for the synthesis of target oligosaccharides not only 
because of their intrinsic stability to heat, high molar excess of organics and nucleophilic 
compounds, and acid conditions, but also because of their intrinsic catalytic properties, such 
as efficiency in performing transglycosylation reactions, and their regio-, and 
stereospecificity. Our studies indicate that the expression of functional genes obtained from 
genomic data will give access to a vast repertoire of these enzymes. These studies confirmed 
the importance of the biodiversity of hyperthermophilic enzymes for the isolation of new 

enzymatic activities and for increasing the development of oligosaccharides to be used 
for both applied and basic research. 
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Therapeutic Enzyme L-Asparaginase from 
Erwinia Carotovora 
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Abstract 

L-Asparaginase (E.C.3.5.1.1, L-ASNase) catalyzes the hydrolysis of L-Asn, 
producing L-Asp and ammonia. This enzyme is an anti-neoplastic agent; it is used 
extensively in the chemotherapy of acute lymphoblastic leukemia (ALL). L-asparaginase 
from Erwinia carotovora (LcaL-ASNase) was cloned and expressed in E. coli. The 
enzyme was purified to homogeneity by a two-step procedure comprising cation- 
exchange chromatography and affinity chromatography on immobilized L-asparagine. 
The purified enzyme was subjected to thermal inactivation studies. Thermodynamic 
parameters (E a , AtU and AS 7 ^) for the thermal inactivation process of the enzyme were 
determined. It was concluded that the low thermal stability of the enzyme is of entropic 
origin and is most likely due to structural determinants that cause a higher degree of local 
disorders at specific locations. 
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Abbreviations Used 

ALL, acute lymphoblastic leukaemia; 

L-ASNase, 

L-asparaginase; 

EbaL-ASNase, 

L-asparaginase from Erwinia carotovora; 

PAGE, polyacryamide gel electrophoresis; 

SDS, sodium dodecyl sulfate. 


1. Introduction 

L-asparaginase (L-asparagine amino hydrolase, L-ASNase, E.C.3.5.1.1) catalyzes the 
hydrolysis of L-asparagine to L-aspartic acid and ammonia. L-ASNase has been a clinically 
acceptable anti tumor agent for the effective treatment of acute lymphoblastic leukemia 
(ALL) and lymphosarcoma (Graham, 2003). L-Asn is an essential amino acid for the growth 
of tumor cells, whereas the growth of normal cells is not dependent on its requirement as it 
can be synthesized in amounts sufficient for their metabolic needs with their own enzyme L- 
asparagine synthetase (Duval et al., 2002). The action of L-ASNase deprives tumor cells of an 
important growth factor and they fail to survive (Lee et al., 1989). However, L-ASNase 
therapy is often accompanied by serious side effects. In addition to hypersensitivity reactions, 
long-term treatment may lead to liver damage, acute pancreatitis, and other disturbances. It is 
thought that many of these effects are caused by its high glutaminase activity (Howard and 
Carpenter, 1972). Glutamine is the major transport form of amino nitrogen in the blood and 
also an amino group donor for many biosynthetic reactions. A prolonged decline of plasma 
glutamine levels, therefore, impairs a variety of biochemical functions, especially those of the 
liver. In view of these facts, enzymes best suited for ALL treatment would be those with a 
high activity, a low Km , and a strong preference for asparagine over glutamine (Hawkins et 
al., 2004). The enzyme isolated and recently characterized from Erwinia carotovora ( EcaL - 
ASNase) attracts attention since it is pharmacologically active and is as effective as the 
enzyme from E. coli in the treatment of ALL. In addition, EEaL-ASNase exhibits very low 
glutaminase activity compared to E. coli and E. chrisanthemii enzymes (Krasotkina et al., 
2004; Kotzia and Labrou, 2005). 

Bacterial-type L-asparaginases can be further classified into two subtypes: type I and type 
II (Kozak et al., 2002). Two types of L-ASNases, found in E. coli , have been designated Asnl 
and AsnII in E. coli K-12. Type I was found to be expressed constitutively, whereas type II is 
induced by anaerobiosis. Only the type II L-asparaginases show anti-tumor activity. All 
bacterial type II L-asparaginases are active as homotetramers containing approximately 330 
amino acids per monomer and four identical non-cooperative active sites (Palm et al., 1996; 
Aung et al., 2000). Two active sites are formed at the dimerization interface between the A 
and C subunits (as well as between B and D), the so-called intimate dimer, and two such 
intimate dimers form a tetramer with 222 symmetry. Each L-ASNase subunit consists of two 
easily identifiable a/p domains, a larger N-terminal and a smaller C-terminal domain, 
connected by a loop consisting of about twenty residues (Aghaiypour et al., 2001a,b). 
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In an effort to determine the structural stability and the physicochemical properties of the 
recombinant L-ASNase from Erwinia carotovora , purification and heat inactivation studies 
were carried. 


2. Materials and Methods 


2.1. Materials 

L-Asn and L-Gln were obtained from Serva (Heidelberg, Germany). Nessler’s reagent 
was obtained from Fluka (Taufkirchen, Germany). 1,4-Butanediol diglycidyl ether and all 
other reagents and chromatographic materials were of analytical grade and obtained from 
Sigma-Aldrich (USA). 


2.2. Methods 

2.2.1. Cloning , Expression and Purification 

Cloning and expression of LbaL-ASNase in E. coli BL21pLysS cells were carried out as 
described in Kotzia and Labrou (2005). 

2.2.2. Enzyme Purification 

The purification of the LbaL-ASNase was carried out essentially according to the 
published procedure (Kotzia and Labrou, 2005; Kotzia et al., 2007). Briefly, enzyme 
purification was accomplished at 4 °C by a two-step procedure, comprising of a purification 
step using a CM-Sepharose CL6B, followed by affinity chromatography on immobilized L- 
Asparagine-Sepharose CL 6B column. 

2.2.2.1. Synthesis of L-Asparagine-Sepharose CL 6B Affinity Adsorbent 

L-asparagine-Sepharose CL 6B affinity adsorbent was synthesized as described in Kotzia 
and Labrou (2005) using 1,4-butanediol diglycidyl ether as a coupling agent. Briefly, to 
washed cross-linked agarose gel (Sepharose CL6B, 5g) was added 5 mL of 0.6 M, sodium 
hydroxide solution. The suspension was tumbled for 4 h at room temperature prior to adding 
5 mL of 1,4-butanediol diglycidyl ether, and 10 mg of solid sodium borohydrite (NaBH 4 ). 
The reaction was left to proceed with slow agitation at 25 °C overnight. Suction filtration was 
used to recover and wash (ddH 2 0, 100 mL) the activated gel. To the washed activated gel was 
added a solution of L-Asn (0.6 g dissolved in 10 mL of 0.5 M sodium carbonate buffer, pH 
10). The coupling reaction was allowed to proceed at room temperature for 64 h with slow 
agitation. After completion of the reaction, the gel was recovered by suction filtration, washed 
with ddH 2 0 and stored in 20% ethanol at 4 °C. 

2 . 2 . 22 . Chromatographic Procedure 

Crude enzyme extract (20 mM potassium phosphate buffer, pH 5.5, 1.8 mL, 17.9 units) 
was applied to a column of CM-Sepharose CL 6B which was previously equilibrated with 20 
mM potassium phosphate buffer, pH 5.5. Non-adsorbed protein was washed off with 20 mL 



326 


Katerina Lappa, Georgia A. Kotzia and Nikolaos E. Labrou 


equilibration buffer. Bound EbaL-ASNase was eluted with 20 mM potassium phosphate 
buffer, pH 7.5 (12 mL). Collected fractions were assayed for EbaL-ASNase activity and 
protein (Bradford method). To the eluted EbaL-ASNase activity from the previous column 
was added ddH 2 0 to reduce the ionic strength of the solution and directly applied on L-Asn- 
Sepharose CL 6B affinity column which was previously equilibrated with 5 mM potassium 
phosphate buffer, pH 7.5. Non-adsorbed protein was washed off with 10 mL of equilibration 
buffer followed by 3 mL of the same buffer containing L-Asn (10 mM). Bound Collected 
fractions (2 mL) were assayed for EbaL-ASNase activity and protein (Bradford method). 

2.2.3. Assay of Enzyme Activity 

Enzyme assays were performed at 37°C at a Hitachi U-2000 double beam uv-vis 
spectrophotometer carrying a thermostated cell holder (10 mm pathlength). Activities were 
measured by determining the rate of ammonia formation, by coupling with glutamate 
dehydrogenase (GDH), according to (Balcao et al., 2001; Kotzia and Labrou, 2005). 
Alternatively, the rate of ammonia formation was measured at 37 °C using the Nessler’s 
reagent (Wriston, 1973). One unit of Asparaginase activity is defined as the amount of 
enzyme that liberates 1 fjrnol of ammonia from Asn per minute at 37°C. 

2.2.4. Thermal Inactivation Studies of EcaL-Asnase 

Thermal inactivation of EbaL-ASNase was monitored by activity measurements. Samples 
of the enzyme, in potassium phosphate buffer (lOmM, pH 7), were incubated at a range of 
temperatures from 35 °C to 50 °C. The rates of inactivation were followed by periodically 
removing samples for assay of enzymatic activity. Observed rates of inactivation (ki n ) were 
deduced from plots of log (% remaining activity) versus time. To obtain the thermodynamic 
parameters from these inactivation rates, two analyses were carried out according to Stein and 
Staros (1996). An empirical activation energy, E a , for the inactivation process can be obtained 
from an Arrhenius plot according to the equation: 


M4) = 



(i) 


where k in is the inactivation rate, R is the gas constant, T is the absolute temperature and C is a 
constant. From transition-state theory, the activation Gibbs free energy change from the initial 
state to the transition state for the inactivation process, AG^, is: 


AG* 


= -RT In 


U.rJ 


( 2 ) 


where h is Planck’s constant and k\> is Boltzmann’s constant. The activation enthalpy, A Et, 
and the activation entropy, A*S^, for the change from the initial state to the transition state for 
the inactivation process can be obtained from the equation: 
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AG" = AH’* -TAS 


Substituting equation (2) into equation (3) and rearranging yields: 


(3) 


Id 


(hk 




AH* 


RT 




R 


(4) 


Under the assumption that Aand A*S^ are independent of T 7 , their values can be 
obtained from the slope and intercept, respectively, of a semi-log plot by the use of equation 
(4) (Eyring equation). 


3. Results and Discussion 
3.1. Enzyme Purification 

EcaL-ASNase was purified in a two-step procedure. As a first step in the purification 
scheme, a cation-exchange chromatography on CM-Sepharose column was employed as 
described in Kotzia and Labrou (2005). Non-pre-treated enzyme extract was applied directly 
to the cation-exchanger column equilibrated at pH 5.5. The theoretical isoelectric point of 
EcaL-ASNase is 8.5, thus at pH 5.5 the enzyme quantitatively adsorbed to the cation- 
exchanger. As a next step in the purification procedure, affinity chromatography L- 
asparagine-Sepharose CL 6B was employed. The affinity adsorbent was synthesized as shown 
in Figure 1A using 1,4-butanediol diglycidyl ether as a coupling agent. The enzyme was 
absorbed at pH 7.5 and eluted specifically using L-Asn (10 mM) as eluting agent. A typical 
purification is shown in Table 1. The purity of the final EcaL-ASNase preparation was 
evaluated by SDS-PAGE, which showed the presence of a single polypeptide chain (Figure 
IB). 


3.2. Kinetic Stability of EcaL-Asnase 

Kinetic analysis of the thermal inactivation of the EcaL-ASNase was carried out at 
temperatures between 35°C and 50°C. A typical example for the course of thermal 
inactivation is shown in Figure 2. 

One approach to interpretation of the data is to assume an unfolding limited first-order 
kinetic process, which can be analyzed using the Arrhenius equation (Stein and Staros, 1996; 
Twomey and Doonan, 1997). There are several possible mechanisms of inactivation, 
including chemical modification and protein unfolding. Analysis of the inactivation rate data 
using the Arrhenius plot yields an empirical activation energy E d (or more precisely, the 
enthalpic contribution to the activation energy), which —for reactions in solution— is 
essentially equivalent to the activation enthalpy A(Tinoco et al., 1985; Stein and Staros, 
1996). An Arrhenius plot of the inactivation rate data (Figure 3 A) yields an E a value of 68.5 
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kJ/mol (Table 2). This value is comparable to the previously measured activation energies for 
unfolding of soluble proteins (Segel, 1975; Stein and Staros, 1996; Twomey and Doonan, 
1997). 

If one makes the simplifying assumption that the inactivation process occurs through a 
single transition state, transition state theory can be applied, which yields not only the 
activation enthalpy (A H^) but also the activation entropy (A*S^) of the process (Stein and 
Staros, 1996). An Eyring plot of the rates of inactivation observed in the 35-50°C 
temperature range (Figure 3B) yields A it and A*S^ values, and the results are listed in Table 

O' 

Sepharose CL 6B 




1,4-Butanediol diglycidyl ether 


OH 



B 



EcaL-ASNase 


Figure 1. A. The synthetic route that is used for the synthesis of L-Asn-Sepharose CL 6B affinity 
adsorbent. B: SDS-polyacrylamide gel electrophoresis of EcaL-ASNase purification. Lane 1: E. coli 
crude extract after induction with 1 mM IPTG; Lane 2: EcaL-ASNase purified according to the two- 
step procedure using cation-exchange and affinity chromatography. 
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Table 1. Purification of EcaL-ASNase using a two-step procedure employing cation- 
exchange chromatography on CM-Sepharose and affinity chromatography on 
immobilized L-Asn. The procedure was carried out at 4°C 


Step 

Volume 

(mL) 

Units 

Protein 

(mg) 

Specific 

activity 

(Units/mg) 

Purification 

(fold) 

Yield 

(%) 

Cmde extract 

1.8 

17.94 

25.02 

0.717 

1 

100 

Cation- 
exchange 
chromatography 
on CM- 
Sepharose 

3 

16.19 

0.63 

25.62 

35.74 

90.28 

Affinity 

chromatography 

3 

4.16 

0.023 

177.56 

247.70 

31 


on immobilized 
L-Asn- 
Sepharose CL 
6B column 


log(% 

remaining 

activity) 



0 2 4 6 8 10 12 14 

Time (min) 


Fgure 2. Time course of the thermal inactivation of EcaL-ASNase at 50 °C. The rate of inactivation was 
followed by periodically removing samples for assay of enzymatic activity. 
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A 

Inkin 0 
-0.5 
-1 
-1.5 
-2 
-2.5 

3 3.1 3.2 

1000/T (1/K) 

B 

ln(hk/k b T) -28 
-29 

-30 

-31 

-32 

-33 

3 3.1 3.2 

1000/T (1/K) 

Figure 3. Calculation of thermodynamic parameters for the inactivation of the LcaL-ASNase. A: 
Arrhenius plot. B: Eyring plot. 
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Table 2. Thermodynamic parameters for the thermal inactivation of iYwL-ASNase at 10 

mM potassium phosphate buffer pH 7 


Enzyme E a (kJ/mol) AFf (kJ/mol) AS 7 ^ (kJ/mol K) 


EEtfL-ASNase 68.5±5.8 65.6±5.6 0.56±0.05 


These results emphasize the importance of the positive entropic contribution to the 
activation step of the inactivation process of the enzyme. The relatively greater increase in 
entropy from the ground state to the transition state of the inactivation process of the enzyme 
indicates local disordering of the EbaL-ASNase. 

The conclusion from the results in Table 2 is that the relative rates of thermal inactivation 
are dictated largely by the entropic contributions. To gain a deeper insight into the structural 
basis of thermal stability, in silico structural analysis of the EbaL-ASNase was carried out. In 
principle, the entropy of inactivation consists of two parts: the increased configurational 
entropy due to partial unfolding of the protein in the transition state and the decrease in 
entropy of the solvent due to exposure of hydrophobic side chains. The latter effect is likely 
to be small at elevated temperatures (Privalov and Gill, 1988; Freire et al., 1990) and the 
major contribution must then be the increase in configurational entropy. Thus, the low 
thermal stability of EbaL-ASNase is probably mainly due to greater flexibility or disordering 
of the transition state with some contribution from a lower degree of exposure of hydrophobic 
residues. To analyze whether EbaL-ASNase is a flexible protein, we analyzed the plots of the 
crystallographic B-factors along the polypeptide chain of the enzyme structure. This plot can 
give an indication of the relative flexibility of portions of the protein (Ricci et al., 2003; Yuan 
et al., 2003; Kotzia and Labrou, 2005). As shown in Figure 4, the structure displays a well- 
defined flexibility pattern. Several highly mobile regions throughout the entire sequence can 
be identified, and these are separated by a number of segments with low mobility. This may 
cause local disordering of the enzyme tetramer (Figure 5) with increased flexibility, which 
may contribute to the increase in configurational entropy (Papageorgiou et al., 2008). 


4. Conclusion 

In the present report we address questions regarding the structural stability of EcaL- 
ASNase. The results of the present work form the basis for a rational design of new 
engineered forms of EbaL-ASNase with enhanced thermal stability. Enhancement of 
enzyme’s thermostability is of particular importance to the processes of production, storage, 
and therapeutic use. This would result in more efficient enzyme variants that would be able to 
exhibit their therapeutic efficacy in a lower dose, thereby minimizing their toxic effects to 
patients. 
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Residues 


Figure 4. The dynamics of EcaL-ASNase. A plot of the crystallographic B-factors along the 
polypeptide chain obtained from the crystal structure of E. carotovora L-asparaginase, (PDB code 
1ZCF). The plot was produced by WHAT IF software package (Barrow, 1973; Vriend, 1990). The 
height at each residue position indicates the average B-factor of all atoms in the residue. 



Figure 5. Structural representations of EcaL-ASNase. Diagram of the tetrameric enzyme (PDB code 
2JK0) with L-Asp bound to the active site. The bound ligand (L-Asp) is shown in a ball representation. 
The figure was created by PyMOL (DeLano, 2002). 
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Expert Commentary 


A Novel Method for Generation 
of Monoclonal Antibodies 


Masahiro Tomita 

Division of Chemistry for Materials, Graduate School of Engineering, 
Mie University, 1577 Kurima-Machiya-cho, Tsu, Mie 514-8507, Japan 


It was more than 30 years ago that generation of monoclonal antibodies was first reported 
by Kohler and Milstein [1]. It has subsequently become well published that monoclonals are 
highly specific for their target antigens, and this has ensured wide use for many purposes. The 
polyethylene glycol)(PEG)-mediated method is still generally employed to yield monoclonal 
antibodies [2], but with this conventional method difficulties may be encountered because of 
non-specific fusion, not only between B cell-myeloma cell pairs, but also B cell-B cell and 
myeloma cell-myeloma cell pairs. More recently, pearl-chain formation [3] and laser 
radiation [4] methods have been reported to efficiently produce monoclonal antibodies, but 
they also do not guarantee selective fusion of target B cells with myeloma cells. 

To address this problem, we have developed a new technology based on B-cell targeting 
[5-9]. The approach features three critical steps: antigen-based pre-selection of B cells; 
formation of B cell and myeloma cell complexes by exploiting the specificity and strength of 
the interaction between biotin and avidin; and selective fusion of B cell-myeloma cell 
complexes with electrical pulses. This confers at least a 5-40-fold increase in efficiency over 
that obtained with the PEG-mediated method [8]. Recently, we have successfully confirmed 
the efficacy of all three critical steps of B-cell targeting on the basis of immunofluorescence 
analysis [9]. 

We propose that this advanced technology has clear advantages over conventional 
methods for selective generation of novel monoclonal antibodies. It may also allow efficient 
production of stereo-specific monoclonal antibodies against native structure antigens with 
application of antigen-expressing myeloma cells. 


* 
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